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Abstract 
 
The iterative cross-coupling strategy for small molecule synthesis has been shown to be a 
powerful and effective method for the synthesis of small molecules.  However, this strategy 
was limited by current methodological limitations.  Therefore, we have extended the power 
and application of the iterative cross-coupling strategy by the development of several new 
methods compatible with the iterative cross-coupling platform.  We report a mild Csp3 
halide – Csp2boronic acid Suzuki-Miyaura cross-coupling method amenable to fine 
molecule synthesis.  We also report a new method for the synthesis of MIDA boronates 
which are sensitive to current methods.  Finally, we report the extension of the entire 
iterative cross coupling platform to the Chan-Lam coupling to form carbon-heteroatom 
bonds. 
 
 
 
The iterative cross coupling strategy. 
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CHAPTER 1 
THE SYNTHESIS OF SMALL MOLECULES  
THROUGH ITERATIVE CROSS COUPLING 
 
 
 Nature uses the strategy of iterative coupling of bifunctional building blocks 
to make the majority of all biologically active molecules.  Chemists have taken advantage 
of this strategy to build biopolymers in the laboratory, and the simplicity of these iterative 
cycles has enabled widespread access to these important molecules for a broad range of 
scientists.  Despite the remarkable efficiency of this strategy, it had not been systematically 
applied to the synthesis of small molecules until recently.1  Syntheses of small molecules 
typically represent unique solutions to specific challenges with little generality across 
synthetic targets.   To generalize this approach our group seeks to develop a strategy for the 
synthesis of small molecules via iterative Suzuki-Miyaura cross coupling of boron-
protected haloboronic acids. 
 
 
 
The iterative cross coupling strategy. 
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1-1 BACKGROUND 
 
The vast majority of biologically active molecules are polymers.  In nature, these 
polymers are constructed through iterative addition of monomer units – proteins are 
constructed through the iterative addition of amino acids, huge nucleic acids are 
synthesized from individual nucleotides, and oligosaccharides are made through the union 
of one simple sugar after another.  For a long time, chemists have taken advantage of the 
natural strategy of polymer construction for the synthesis of large biomolecules and 
materially interesting polymers because of the simplicity and modularity that is inherent to 
this approach.  This strategy has also been used for the synthesis of polymers which are 
important in the context of materials research.  However, despite the remarkable efficiency 
of this strategy, it has not been systematically applied in the laboratory for the construction 
of small molecules until recently. 
The strategy of iterative coupling of bifunctional monomer units has been in use 
by nature since the beginning of life on earth.  In this building-block approach, 
stereochemistry, oxidation states, and functional groups can be preinstalled and brought 
together through a series of coupling reactions.  This very flexible synthetic strategy allows 
for the building blocks to be easily interchanged to generate a series of derivatives without 
the need for a new synthesis strategy.  In a very general sense, this strategy consists of the 
masking of one function, reaction of the other, then subsequent unmasking of the latent 
functionality to complete the cycle.  The selective protection of one functional group 
eliminates the problem of uncontrolled polymer formation.  To cite the well-known 
example of peptide synthesis, the amine functional group of one amino acid is protected 
from reaction conditions (usually as a carbamate), coupling of the carboxylate end of the 
amino acid to the free amine of another, then removal of the carbamate to render the amine 
functional group ready to undergo another round of peptide coupling. 
 
1-2 ITERATIVE COUPLING IN THE SYNTHESIS OF BIOMOLECULES 
 
 Inspired by nature, and taking advantage of the building block approach, 
chemists have developed strategies for the iterative construction of biomolecules, and these 
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syntheses have become commonplace.  The simplicity of these iterative cycles has enabled 
widespread access to these important molecules for a broad range of scientists.  The 
subsequent automation of these syntheses has had a profound effect on the questions 
scientists have been able to ask and the problems they have been able to solve.  Because a 
steep synthetic overhead is no longer required for access to a wide range of biomolecules, 
researchers can spend their time and effort designing and executing critical experiments.  
Accessible custom DNAs, RNAs, and polypeptides mean that investigators can ask and 
answer the essential questions earlier and more frequently than ever before.  Truly, the 
effect of accessible large biomolecules on the biological and physical sciences cannot be 
overstated. 
In 1963 the concept of solid-phase peptide synthesis was introduced to the 
community by Bruce Merrifield.2 Inspired by the physical difficulties of synthesizing and 
working with polypeptides due to arduous purification and solubility issues, Merrifield 
proposed covalent attachment of the substrate to an insoluble and physically separable 
resin.  He theorized that covalent attachment of one of the termini of an amino acid to a 
completely insoluble resin would greatly aid in purification because the beads with the 
appended polypeptide chain could simply be washed with the appropriate solvent to 
remove impurities.  His sole-author report showed this paradigm-changing idea was easily 
translated to the bench.  The report describes the synthesis of a simple tetrapeptide: the first 
amino acid is bound by the carboxylate terminus to a polystyrene bead and the amino 
terminus undergoes peptide bond formation to an amine-protected amino acid to yield a 
dipeptide (Scheme 1.1).  Deprotection reveals the free amine, which is then able to undergo 
another round of peptide bond formation. After coupling of the fourth amino acid, the 
tetrapeptide was freed from the resin via a saponification to yield an intact tetrapeptide.  A 
following report published only two years later described the first automated synthesis of a 
polypeptide. 3   
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Scheme 1.1. The iterative peptide coupling cycle is efficient and highly modular.  Attachment of 
the amide to a solid resin allows for simple purification after each coupling step. 
 
 
The technology related to peptide synthesis has advanced dramatically4  in the 
past forty-five years, and it is now possible to order a custom-made polypeptide for less 
than $2.00 per residue.5  After the remarkable simplicity of this strategy was realized, the 
technology quickly spread to oligonucleotides, 6 and to a lesser extent, oligosaccharides.7  
The ability of non-chemists to access these important materials has revolutionized the life 
sciences, and the adaptation of peptide synthesis to the solid phase and subsequent 
automation garnered Merrifield the Nobel Prize in Chemistry in 1984.8 
 
1-3 ITERATIVE COUPLING IN THE SYNTHESIS OF POLYMERS 
 
 A major step forward in the extension of polymer synthesis to non-chemists 
was made by Moore and coworkers in 1994.  In 1992, the Moore group introduced the first 
example of the use of iterative palladium catalyzed cross-coupling9, and by 1994 had 
succeeded in applying this methodology to a solid-phase platform.10  In this pivotal report, 
the authors demonstrate a double-masking strategy in the context of Sonagashira couplings.  
Using bifunctional building blocks where either the acetylene moiety or iodide is masked, 
they were able to carefully control the chain length of the desired polymer.  Reportedly, 
due to the ease of purification the solid phase synthesis was easier and overall higher 
yielding (61% over ten steps).  They were also able to construct a 32 unit polymer using 
this method.  A following report extends the solid-phase iterative cross coupling to the 
synthesis of a heterosequence oligomer, m-phenylene ethynylene oligomer.11   
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Scheme 1.2.  The Moore group used a strategy of orthogonal protection of bifunctional monomers 
to synthesize a 12-unit polymer on solid phase. 
 
In this work, outlined in Scheme 1.2, the solid-phase iterative cross coupling technology 
was extended for use with two monomer units with orthogonal reactivity.  This new 
method of polymer synthesis was rapidly applied to the construction of shape persistent 
ladders for applications in nano-technology.12 The adaptation of palladium catalyzed cross-
coupling to the solid phase represents an important step toward the extension of the power 
of synthesis to non-chemists. 
 
1-4 ITERATIVE COUPLING IN THE SYNTHESIS OF SMALL MOLECULES 
 
 Despite their relatively small size and a similar need for customization, small 
molecules are still not available to scientists in the same way as large biomolecules.  
Access to large amounts of small molecules would undoubtedly have a similarly profound 
effect on the understanding of biological systems.  Unfortunately, we are still not able to 
generate large amounts of complex small molecules with the same facility and efficiency as 
larger biopolymers.  As mentioned above, until recently the synthesis of small molecules 
has been the realm of synthetic organic chemists working with milligram quantities.  
Highly unique and often unpredictable syntheses are proposed and carried out by teams of 
highly trained chemists.  Often, only at the end of a long, arduous, and expensive route can 
a team answer the biologically relevant question that the compound was synthesized to 
answer.  Of course, many biologically interesting small molecules can be accessed by 
extraction from the source, but often the preparation is tedious, unrealistic on the necessary 
scale, and the quantities isolated are too minute for significant study.  Derivatization for 
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study is correspondingly difficult on such a scale.  As such, scientists often turn to large-
scale syntheses or semi-syntheses to isolate such compounds for study. 
 Syntheses of small molecules typically represent unique solutions to specific 
challenges with little generality across synthetic targets, despite the modularity inherent to 
a lot of small molecule natural products.  Just as proteins and nucleic acids are made in 
nature, so too are small molecules synthesized by the iterative addition of smaller monomer 
units13.  An excellent example of this is the class of small molecules known as terpeniods, 
which are synthesized via the iterative nucleophilic addition to isopentenyl 
pyrophosphate.14  Once the skeleton is created, thousands of modifications are possible, 
including most commonly cyclizations and selective oxidations to give a very diverse-
appearing family. 
 Despite the history of unique syntheses for unique molecules, a few scientists 
have led the way in applying the strategy of iterative coupling to the synthesis of small 
molecules.  In 2001, Zeng and Negishi presented a method for the construction of polyenes 
via iterative palladium and zinc catalyzed cross coupling of alkenylalanes with vinyl 
bromides.15   
 
Scheme 1.3. The Negishi group performed iterative Negishi couplings to construct polyenes, 
including β-carotene, by orthogonally masking the latent organozinc species as an alkyne. 
 
 
The iteration, shown in Scheme 1.3, proceeds as follows: the aluminum is installed via a 
zirconacene intermediate, which is masked as a TMS alkyne.16  The mono-protected 
bifunctional building block thus contains both a TMS alkyne and a vinyl bromide.  After 
reaction of the vinyl bromide, removal of the silyl group, followed by zirconium catalyzed 
carboalumination yields the alkenylalane, which can then be coupled to the next mono-
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protected bifunctional species.  As such the cycle can be iterated, and this strategy was used 
to synthesize γ-carotene.  While this is an important landmark in the development of 
synthetic strategy, it suffers from complication and functional group tolerability issues and 
was not developed further.  
 Seeking to unify the synthesis of small molecules with efficiency, modularity, 
and flexibility, Martin Burke and Eric Gillis introduced a synthetic strategy which unites 
the efficiency of iterative additions of mono-protected bifunctional building blocks with the 
modular nature of many desirable natural products.17  They showed that iterative Suzuki-
Miyaura cross couplings of boron-protected haloboronic acids (Scheme 1.4) could be used 
to efficiently synthesize a number of biologically active natural products.  This iterative 
cross coupling strategy, or ICC, is directly analogous to the peptide coupling strategy 
originally used by Merrifield.  In ICC, boron is protected with N-methyliminodiacetic acid, 
or MIDA, which renders it inert to Suzuki-Miyarua reaction conditions.  MIDA is easily 
removed by the addition of aqueous base. 
 
Scheme 1.4. The iterative cross-coupling strategy is analogous to the iterative peptide coupling 
strategy, and is equally as efficient and modular.  This platform has not been adapted to the solid 
phase – in this case, the ball represents the growing small molecule. 
 
  Thus, the coupling of the halide portion of a boron-protected bifunctional building block 
to a boronic acid can be performed to generate a boron-protected synthetic intermediate.  
Mild deprotection of the boron reveals a boronic acid which can then undergo another cross 
coupling, and thus the cycle can be repeated iteratively to rapidly generate complex 
intermediates and products.  The Suzuki-Miyarua cross coupling is particularly well suited 
to this synthetic platform because of its mild, general, and non-toxic nature, which will be 
discussed at length in later chapters.  To date, this method has been utilized in the efficient 
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and modular syntheses of the natural products ratanhine,16 β-parinaric acid, all-trans-
retinal18, crocacin C,19 peridinin,20 and synechoxanthin.21   
 
Scheme 1.5.  The retrosynthetic strategy for the total synthesis of ratanhine took advantage of the 
iterative cross-coupling strategy.  In the forward direction, this molecule was brought together 
using only the SM reaction. 
 
  Formally, the Suziki-Miyaura cross coupling, or SM reaction, is the transition metal 
mediated coupling of a carbon electrophile (typically a halide or halide equivalent) with a 
boronic acid or ester to form a carbon-carbon bond.  The mechanism, detailed in Scheme 
1.6, proceeds as follows: oxidative addition occurs with the insertion of the transition 
metal, typically palladium(0) , into the carbon-halogen bond, yielding palladium(II).  With 
palladium, this two electron process is known to be stereospecific.22  The mechanism 
continues with transmetallation of the organic group on boron to the palladium, which is 
thought to be mediated by a (hydroxo)palladium-boron bridge.23  Following 
transmetallation, both of the organic groups are on palladium and this species undergoes a 
reductive elimination of the organic groups to give the organic species with a newly formed 
carbon-carbon bond, and palladium(0) which can then re-enter the catalytic cycle. 
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Scheme 1.6.  The Suzuki-Miyaura cross coupling reaction mechanism proceeds as follows: The 
palladium (0) species undergoes oxidative addition to give the palladium II intermediate.  
Transmetallation yields a Pd(II) diorganic species, which can then undergo reductive elimination 
to regenerate Pd(0) and yields a new C-C bond. 
 
 While the oxidative addition and reductive elimination steps of this 
mechanism have been studied extensively and are thought to be reasonably well 
understood, the direct mechanism of transmetallation is less well characterized and 
continues to be debated.  There are two competing theories for the formation of the bridged 
(hydroxyl)palladium-boron species, shown in Scheme 1.7.   
 
Scheme 1.7.  There are two leading proposals for the mechanism of transmetallation.  The first 
involves the nucleophilic attack of a palladium-hydroxo intermediate on the boronic acid, and the 
second involves direct attack on boron by hydroxide, with subsequent attack on palladium.  Both 
mechanisms lead to the same 4-centered transition state. 
 
The top mechanism indicates the attack of hydroxide on palladium directly followed by the 
nucleophilic attack of (hydroxo)palladium species on boron.  The bottom mechanism 
involves formation of an anionic boron species – the boron “-ate” complex – with 
subsequent nucleophilic attack of the palladium species, with displacement of the halide to 
give the same palladium oxidation and coordination state.    Both of these mechanisms 
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yield the same intermediate, and both of them rely on nucleophilic attack on the vacant 
boron p-orbital. 
 
1-5 MIDA BORONATE TECHNOLOGY 
 
 The complexation of boron with MIDA yields a formally anionic boron 
species, leading to the naming of these complexes “MIDA boronates.”  The boron p-orbital 
on boron is occupied by the nitrogen of MIDA.  This pyramidalization renders the boron 
species inert to the SM reaction because the tranmetallation step requires access to the 
empty, Lewis acidic boron p-orbital, seen in Scheme 1.8. 
 
Scheme 1.8.  Condensation of MIDA with a boronic acid gives the corresponding MIDA boronate 
in good yields.  Subjection to mild aqueous base yields the boronic acid.  Occupation of the boron 
p-orbital precludes nucleophilic attack necessary for transmetallation. 
 
Occupation of this orbital by the nitrogen precludes the formation of the 
(hydroxyl)palladium-boron complex by either mechanism, and thus transmetallation cannot 
occur.  Complexation of boronic acids with MIDA was originally reported by Mancilla and 
coworkers24 in the context of structural studies.  Their 1986 report indicated the stability of 
MIDA boronates to air and provided the initial evidence to suggest pyramidalization of 
boron.  As discussed earlier, Gillis and Burke detailed the successful application of this 
protecting group to the ICC synthesis strategy. To turn over the ICC cycle, it is necessary 
to remove the MIDA ligand and reveal the free boronic acid.  Deprotection of boron was 
found to proceed quickly and completely in the presence of mild aqueous base.   
 MIDA boronates also were found to address one of the major drawbacks of the SM 
reaction: the instability of many boronic acids to storage, isolation, and reaction conditions.  
In addition, MIDA boronates are of defined stoichiometry, unlike many boronic acids 
which exist as indeterminate mixtures of boronic acids and the corresponding boroxines.  
Due to the practical applicability of the SM reaction, there have been a number of solutions 
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proposed and utilized to address the issue of boronic acid instability and stoichiometry (see 
Scheme 1.9).  Boronic esters, most commonly pinacol and catechol boronic esters, are 
more stable to storage than their boronic acid counterparts, but are considerably less 
reactive under reaction conditions.25  Suginome reported the use of 1,8-diaiminonapthalene, 
or dan, to effectively protect boron from the reactivity under palladium catalyzed cross 
coupling conditions.26  As the dan ligand requires strongly acidic conditions for removal, it 
is best suited for synthesis of organic polymers or other very robust substrates.  The 
Molander group reported the use of trifluoroborate salts in place of boronic acids in SM 
reactions which are generally stable to storage and are reactive under SM conditions.27  The 
major drawback of the trifluoroborate system is that they are not stable to silica gel 
purification and they require the use of potassium bifluoride to make, which is highly toxic 
and difficult to handle.   
 
Scheme 1.9.  Common boron protection strategies. 
 
 In contrast to the other protecting groups, MIDA boronates have been shown to be 
stable to silica gel chromatography, stable to storage under air, highly crystalline, free-
flowing solids, and simple and safe to synthesize.  In addition, despite the remarkably mild 
conditions required for revealing the boronic acid, MIDA boronates were found to be 
robust and highly tolerant of a number of reaction conditions, including harsh acids, 
extreme oxidants, cross-coupling conditions, reducing agents, soft nucleophiles, and 
electrophiles.16  Furthermore, MIDA boronates can be deprotected under standard Suzuki 
reaction conditions (aqueous base), which can lead to an in situ release of highly unstable 
boronic acids.  This method was shown to be extremely effective in the coupling of 
notoriously sensitive boronic acids via a slow-release of the boronic acid during the SM 
reaction.28   
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 These highly desirable properties confer a number of synthetic advantages to a 
route.  Typical boron installation methods can be harsh and incompatible with synthetically 
advanced intermediates.  The ability to carry boron through multiple steps allows for the 
widely applicable, general, and mild SM reaction to be carried out late in a synthetic route.   
The power of this property was demonstrated in the total synthesis of (+)-crocacin C by 
Eric Gillis and Martin Burke in 2008, (Scheme 1.10). 
 
Scheme 1.10.  Boron was installed very early in the route for the total synthesis of (+)-crocacin C.  
The ability to carry boron through multiple synthetic steps precluded the necessity of a harsh 
boron installation step at the end of the route.  Iterative cross coupling utilizing boron was 
performed to bring together the building blocks in the final steps. 
 
In addition, protection of the boron with MIDA confers many desirable properties to 
synthetic intermediates – such as crystallinity, desirable chromatographic properties, and 
stability.  A MIDA boronate installed early in a synthetic route can simplify purification 
and allow advanced intermediates to be stockpiled and stored. 
 
1-6 CHALLENGES OF ITERATIVE CROSS COUPLING 
 
 While the ICC strategy has been shown to be remarkable efficient, this 
method can currently only be applied practically to the synthesis of small molecules which 
contain Csp2-Csp2 disconnects, due to the limitations currently facing the SM reaction.  To 
fully access the potential significance of this transformational method, work must be done 
to expand the reactivity of boronic acids.  Specifically, a Csp3-Csp2 SM couplings, Csp3-
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Csp3 SM couplings, and boronic acid-heteroatom couplings (Chan-Lam couplings) would 
greatly expand the ICC platform.  With these limitation addressed, the ICC strategy could 
potentially be applied to any small molecule. 
 
1-7 SUMMARY 
 The iterative cross coupling platform has been shown to be not only effective, 
but highly modular and efficient.  However, as the method currently stands, not all 
synthetic targets are amenable to ICC because of their lack of Csp2-Csp-2 disconnects.  An 
incredible variety of interesting molecules do not contain so much as a single traditional 
SM disconnect.  Given the power of this strategy, it became clear that current cross 
coupling methods needed to be drastically extended to further the scope of this new 
synthesis paradigm.  To this end, as will be discussed in the forthcoming chapters, we 
urgently pursued a Csp3 halide SM cross coupling strategy, and a Chan-Lam-Evans 
coupling strategy that were compatible with the ICC platform. 
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CHAPTER 2 
EXTENSION OF THE ITERATIVE CROSS COUPLING PLATFORM TO Csp3 
HALIDE CROSS COUPLING 
 
 The iterative cross coupling strategy has been shown to be successful in the simple, 
modular, and efficient synthesis of small molecules.  However, this strategy is currently 
functionally limited to the construction of Csp2-Csp2 bonds due to the limitations of 
Suzuki-Miyaura cross coupling methodology.  As not all synthetic targets have such 
ubiquitous Csp2-Csp-2 linkages, we identified the need for the mild construction of Csp3-
Csp2 bonds.  While significant advances toward this end have been made, the conditions 
are relatively harsh and not widely applicable.  Specifically, the current methods are not 
compatible with the ICC strategy.  Herein, we describe the development of a Csp3 halide - 
Csp2 boronic acid cross coupling strategy that is compatible with the ICC platform. 
 
 
 
 
We developed a method for the cross coupling of primary iodides that is compatible with the ICC strategy. 
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2-1 BACKGROUND: Csp3 HALIDE CROSS COUPLING 
 
Due to the current limitations of SM reaction methodology, iterative cross-coupling can 
only be applied to Csp2 halides or halide equivalents.  However, many synthetic targets 
have been identified which lack a Csp2-Csp2 framework.  A number of natural product 
classes, such as terpenoids and marine polycyclic ethers, rarely contain Csp2-Csp2 bonds.  
As such, we immediately identified the need for a method for the formation of Csp3-Csp2 
bonds compatible with the ICC platform.  Due to the mild nature of the SM reaction and its 
proven amenability to ICC, we focused on the SM cross coupling of Csp3 halides to Csp2 
boronic acids.  The development of a mild and widely applicable method for coupling Csp3 
halides to Csp2 boronic acids would greatly expand the targets accessible via ICC. 
 
2-2 THE CHALLENGE OF Csp3 HALIDE CROSS COUPLING 
 
 The difficulty of coupling of Csp3 halides has long been an obstacle in transition 
metal-mediated cross coupling, and a method to accomplish this transformation has been 
conspicuously missing since the establishment of the SM cross-coupling.  The major 
challenge with Csp3 halide cross-coupling is the deleterious β-hydride elimination side 
reaction (Scheme 2.1) which often occurs more rapidly than the desired transmetallaion. 1  
Typically, β-hydride elimination occurs after oxidative addition of the halide and before 
transmetallation with the boronic acid (see reaction mechanism in Chapter 1), leading to 
the undesired terminal olefin instead of the desired carbon-carbon bond formation.  
 
Scheme 2.1.  The mechanism of alkyl palladium β-hydride elimination. 
 
In addition to this challenge, it is hypothesized that oxidative addition and reductive 
elimination carbons are slower for sp3 carbons than sp2 carbons.2 
 Beta-hydride elimination, or BHE, is the transfer of a hydride from the beta-
position of an alkyl group to the metal; the mechanism is shown above in Scheme 2.1.  It is 
formally the microscopic reverse of an olefin insertion reaction.  There are a few 
requirements for BHE to take place: there must be an open coordination site available cis to 
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the alkyl group, the transition metal complex must not have an electron count of 18 or 
higher, and there must be a β-hydrogen available and able to adopt the correct cis 
conformation to undergo elimination.  In the context of coupling alkyl halides, BHE 
typically happens after oxidative addition into the carbon-halogen bond, as a destructive 
alternative pathway to transmetallation. 
 The most common approach to subverting BHE is to employ alkyl halides that do 
not have β-hydrogens (or appropriately positioned β-hydrogens), such as many allylic or 
benzylic substrates.  Another approach is to design the substrate such that the formation of 
the alkene would be very unfavorable, such as in the construction of a norbornene.   
However, this approach obviously severely limits the possible substrates for the coupling 
reaction.  It also does not address the less-common but not insignificant issue of alpha or 
gamma hydride elimination.  Unfortunately, the mechanistic requirements for hydride 
elimination– namely the cis open coordination site and 18 or fewer electrons –are also 
necessary for productive coupling and thus cannot be compromised in an attempt to subvert 
BHE.  The requirement of an open coordination site cis to the alkyl will eventually be 
occupied by the organic group of the cross-coupling partner for reductive elimination to 
take place.  Also, while a high electron count on the metal disfavors BHE, it also disfavors 
TM.  Thus, any attempts to block coordination positions or increase the electron count with 
ligands would likely result in a species unreactive to both BHE and TM. 
 In addition to the problem of BHE, the cross coupling of Csp3 halides is thought 
to be hindered by slower oxidative addition and reductive elimination compared to their 
Csp2 counterparts.  This is suspected to be due to the increased p character on the sp3 
carbon, which results in a more directional and thus less accessible anti-bonding orbital.  
As depicted in the diagram of oxidative addition below (Scheme 2.2), the larger percentage 
of s character in the Csp2 orbital gives a more diffuse antibonding orbital which provides 
better overlap with the large d orbitals on the palladium the Csp3 orbital. 
 
Scheme 2.2.  An illustration of the orbital overlap which leads to oxidative addition.  Csp3 antibonding 
contain more p-character than Csp2 orbitals, and thus more directional and less polarizable than Csp2 
orbitals.  
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Similarly, this directionality is also thought to hinder reductive elimination which requires 
overlap of the sigma bonding orbital of one Pd-C bond with the σ* antibonding orbitals of 
the adjacent Pd-C bond.  Again, an increase in p character in the Csp3 bonding and anti-
bonding orbitals means that less distortion is possible due to high directionality of the 
orbbital, and thus reductive elimination occurs at a slower rate. 
 Finally, Csp2 , benzylic, and allylic halides are thought to undergo oxidative 
addition more readily because of a precoordination event which approximates the substrate 
with the metal center, shown in the Scheme 2.3.  
 
 
Scheme 2.3.  A precoordination event is hypothesized to approximate the halide and palladium, which 
facilitates oxidative addition. 
  
 Such precoordination increases the effective molarity of the substrates and is therefore 
presumed to increase the rate of oxidative addition.  This type of precoordination is 
hypothesized to occur in Csp2 substrates as well. In addition, the benzyl or allyl group is 
better able to stabilize the developing positive charge during oxidative addition due to the 
adjacent π bond.  Because of these reasons and their inability to undergo BHE due to the 
lack of appropriate beta-hydrogens as discussed above, allylic and benzylic substrates have 
traditionally been better cross coupling partners than their saturated counterparts.  
 
 
Previous Work in Csp3 Halide Cross Coupling 
 Speaking to the broad potential impact of a general Csp3-Csp2 cross coupling 
methodology, there has been a significant amount of work dedicated to trying to address 
this issue, despite the difficulties associated with cross coupling Csp3 halides.  While there 
have been advances in this area, all of the methods developed to date suffer from a general 
lack of functional group tolerability.  As discussed below, for the methods that have been 
developed for the Suzuki cross coupling of alkyl halides, the conditions are relatively harsh 
and not amenable to fine small molecules synthesis.  In the methods developed for other 
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reactions, such as the Kumada and Negishi couplings, often the cross coupling partner itself 
is not compatible with many functional groups.  Despite these limitations, the examples 
discussed below are particularly important advances in the field and provide valuable 
insights toward the development of novel and more generally applicable conditions. 
 
Landmark Negishi and Kumada Couplings of Csp3 Halides 
 The Negishi coupling, reported by the Negishi group in 1977,3 is the transition 
metal mediated coupling of an organozinc species with an organohalide and pseudohalides.  
This cross-coupling is typically carried out using nickel or palladium with phosphine 
ligands and does not require and additive.4  Historically this cross coupling has been found 
to be best suited for the formation of Csp2-Csp2 bonds.5 
 In 1999 Paul Knochel’s group reported the coupling of primary alkyl iodides with 
dialkylzinc species.6  They indicated that the presence of a site of unsaturation on one or 
both of the coupling partners facilitated productive coupling (Scheme 2.4).  The same 
effect was also observed when electron deficient unsaturated additives were added (such as 
m-trifluoromethylstyrene).  
 
Scheme 2.4.  Knochel’s group found that sites of unsaturation facilitated productive coupling. 
 
In a following study, they postulate that delocalization of d electrons from nickel into the 
π* orbitals of the additives or appended olefins or aromatic groups promoted reductive 
elimination by causing the nickel to be electron deficient.  It should be noted that a 
precoordination event as described above may be responsible for the reactivity 
demonstrated by this method.  Although there is no experimental evidence for this 
delovalization in the Knochel study, this method of forming alkyl-alkyl bonds stands out 
due to its potential synthetic utility.  It must be noted, however, that dialkyl zinc species are 
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highly Lewis acidic and not compatible with acid sensitive moieties, which would prevent 
the widespread use of this method in fine molecules synthesis. 
 In 2003 another significant advancement was made in the Negishi coupling to Csp3 
halides by the Fu group.7 They reported the use of bis(dibenzylideneacetone) palladium (0) 
to couple primary alkyl iodides, bromides, chlorides, and tosylates to alkyl and alkenyl zinc 
bromides.  This method tolerates acetals, ethers, amines, esters, and nitriles, which was a 
significant improvement over previous methods.  The use of palladium is notable, because 
the cross couplings of alkyl halides typically suffer from BHE to a greater extent than 
nickel-based systems.  The authors cite previous success with the use of bulky aryl 
phosphines for the coupling of alkyl bromides to (9BBN)boranes (Scheme 2.5) as their 
starting point for this method.8  The yields are typically good, and range from 48% to 93%.  
However, the use of alkylzinc halides at elevated temperatures precludes the use of this 
method for substrates that are in any way acid sensitive. 
 
Scheme 2.5.  The first Csp3 halide Suzuki cross coupling was demonstrated to 9-BBN boranes by Suzuki in 
1994.  Significant β-hydride elimination was observed.  
 
 The reaction that has been come to be known as the Kumada coupling was reported 
independently in 1972 by the labs of Kumada9 and Corriu.10  The Kumada coupling is the 
transition metal mediated cross coupling of a vinyl or aryl halide with an organomagnesium 
halide (Grignard reagents).  The initial reports detailed the use of nickel to perform this 
reaction, but recently palladium has become the most commonly used metal for this 
reaction. 
 While Kumada cross couplings of alkyl Grignards are relatively well known, a 
major breakthrough in Kumada methodology to alkyl halides was reported by the Kambe 
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group in 2002.11  In a method that is strikingly similar to the Knochel paper referenced 
above, the Kambe group was able to couple alkyl bromides, chlorides, and tosylates to 
alkyl magnesium chlorides by the addition of substoichiometric nickel (II) chloride and 
1,3-butadiene.  The authors propose a possible reaction pathway detailed in Scheme 2.6 but 
provide no experimental evidence to support this mechanism. 
 
 
Scheme 2.6.  A reaction mechanism proposed by Kambe and coworkers to explain the use of 1,3-
butadiene. 
  
In addition, they claim that their finding of productive coupling rather than ring opening 
upon the use of (bromomethyl)cyclopropane as a coupling partner as evidence against a 
radical oxidative addition process.  The authors make this statement in contrast to a report 
which they cite that provides evidence for a radical mediated oxidative addition of nickel 
(0) into Csp3 halides.12  However, the evidence provided for this mechanism is similarly 
incomplete.  The Kambe group later reported the use of their method in the selective 
coupling of a primary bromide to propylmagnesium bromide in the presence of an aryl 
bromide.13 
 In 2004 the Kambe group published a report that united the Negishi coupling 
conditions reported by Knochel and the Kumada couplings reported by their own group 
which describes a system that is able to efficiently couple primary alkyl halides with both 
alkyl Grignards and dialkyl zinc species.14  Notably, even alkyl fluorides were able to 
couple to Grignard reagents under these conditions (Scheme 2.7).  As was true for the 
Knochel6 and Kambe11 reports, this method was also greatly facilitated by the addition of a 
substoichiometric diene additive. 
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Scheme 2.7.  Demonstration of the substrate scope of the Kambe system utilizing substoichiometric 1,3-
butadiene. 
 
  As is the case with any method involving Grignard reagents and dialkyl zinc species, the 
range of functional groups tolerated is limited (esters, amides, and nitriles).  This is an 
inherent problem that is caused by the nature of the organometallic species, thus the 
solution to this functional group intolerance is to employ less reactive organometallic 
nucleophiles. 
 
Landmark Stille Couplings of Csp3 Halides 
 The Stille reaction is the transition metal mediated cross coupling of an 
organostannane with an organic halide.  This reaction was reported in 1977 as allylation 
method via the cross coupling of allyltributyltin and halobenzenes mediated by 
tetrakis(triphenylphosohine)palladium (0) by Kosuga and coworkers.15  A very similar 
method was reported by Stille in 1978 describing the synthesis of ketones through the 
coupling of acyl chlorides to alkyl, alkenyl, and aryl stannanes catalyzed by 
benzylbis(triphenylphosphine)palladium(II) chloride.16  In this report, the Stille and 
coworkers note that the Csp2 groups on tin transferred much more quickly than alkyl 
groups.  The development of the Stille reaction was a major advance in the field of cross 
couplings and, more broadly, in synthetic methodology due to the mild conditions under 
which Stilles are usually carried out (no additives are typically necessary). 
 The first major advance in the cross coupling of Csp3 halides to organostannanes was 
reported in 2003 by the Fu group.17  While there were a number of previous reports on this topic, 
the substrate scope in this paper is far broader and more general.18a-f  The report details the 
coupling of primary bromides through the use of allylpalladium chloride dimer in conjunction 
with di(tert-butyl)methyl phosphine (which was also used in their 2002 report outlining the 
coupling of alkyl boranes with alkyl halides, discussed later),19 with the additive 
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tetramethylammonium fluoride.  Recognizing that the trialkyl-phosphine ligand is very air 
sensitive, the authors note that di-t-butylmethylphosphonium tetrafluoroborate, the 
tetrafluroborate salt of the phosphine ligand,20 works equally well.  The yields range from 53 to 
92% and ethers, acetals, amides, esters and nitriles are tolerated.  While substrate scope seems 
modest, it represented a significant improvement over the previously reported methods. 
 The next advance was also reported by the Fu group, in 2004.21  The reaction, outlined in 
Scheme 2.8, is the coupling of secondary bromides with aryl trichlorostannanes in the presence 
of nickel chloride and bipyridine.  In stark contrast to the previous method, this system is highly 
functional group intolerant, requiring the use of seven equivalents potassium tert-butoxide in an 
alcoholic solvent at 60 °C.  However, this system is useful for coupling unactivated secondary 
alkyl halides, which was unknown prior to this method.  In addition, the coupling partners are 
monoorganostannyl chlorides, as opposed to the much more commonly used 
tetraorganostannanes.  The monoorganostannyl chlorides are significantly less toxic, as are the 
byproducts generated by this coupling when compared to the triorganiostannyl halides that are 
typically generated.   
 
Scheme 2.8.  The Fu group coupled aryl trichlorostannanes to secondary bromides using NiCl2 and 
bipyridine. 
 
Landmark Suzuki Couplings of Csp3 Halides 
In general, the coupling of alkylboranes is more facile that the coupling of boronic acids, 
which is thought to be due to the increased electrophilicty of the boron p-orbital on alkyl  
boranes.  In a mechanistic study done by the Soderquist group in 1998, it was shown that 
the coupling of 9BBN boranes was faster than the mono-oxo 9-BBN boroanes, which in 
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turn was faster that the coupling of the corresponding boronic acids (see Scheme, 2.9).22  It 
is hypothesized that oxygen atoms donate electron density into the empty boron  
 
 
Scheme 2.9.  Electron deficient boranes couple more readily than electron rich boranes.   
 
p-orbital, thereby decreasing the electrophilicity of boron, which reduces its propensity to 
transmetallate.  By the same logic, alkyl boranes are highly Lewis acidic and thus 
electrophilic, which is the characteristic that is hypothesized to be the source of their facile 
transmetallation. 
 Because of the enhanced reactivity of alkyl boranes, the first example of a Suzuki-
Miyaura cross coupling of alkyl halides was to 9BBN boranes.  23   This study was 
performed in 1992 by Suzuki and coworkers.  They report the use of Pd(PPh3)4 to couple a 
series of alkyl iodides to alkyl 9-BBN boranes (Scheme 2.10).  The most common 
byproduct is reported to be β-hydride elimination, but Suzuki and coworkers report isolated 
yields of desired products, ranging from 45% to 71%, outlined in Scheme 2.10. 
 
Scheme 2.10.  Electron deficient boranes couple more readily than electron rich boranes.   
 
 The first major advance in Csp3 halide Csp2 boronic acid coupling came in 2002 from the 
Fu group.19  This was the first example of a Csp3 halide with β-hydrogens undergoing a SM cross 
coupling catalyzed by palladium or nickel.24 The Fu group investigated a series of phosphine 
ligands to promote the coupling primary alkyl bromides with aryl boronic acids.  They found that 
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the oxidative addition process, and likely the whole cross coupling cycle, is extremely sensitive 
to the steric environment around palladium. 
 
Scheme 2.11.  The Fu group found di-tert-butylmethylphosphine to be a highly effective ligand 
for palladium to accomplish the SM cross coupling of Csp3 halides to aryl boronic acids.   
 
After extensive optimization, the best ligand was discovered to be di-tert-butylmethylphosphine 
(Scheme 2.11), the use of which gave an 85% yield of the coupling of n-octylbromide and 
phenyl boronic acid under optimized conditions.  By contrast, the yield dropped precipitously to 
4% when di-tert-butylethylphosphine was used under the same conditions.  After isolation and 
characterization of the oxidative addition adduct, this intermediate was shown to be chemically 
competent to undergo cross coupling. 
 In 2003, the Fu group demonstrated the use of nickel to catalyze the SM cross coupling 
of secondary alkyl halides with Csp2 (primarily aryl) boronic acids.25  This report was notable in 
that it shifted the focus of Csp3 halide SM cross couplings from palladium catalysis to nickel 
catalysis.  It is important to note that nickel catalysis had proven effective in other alkyl halide 
cross couplings, but it was not until this report that the focus of the alkyl halide SM cross 
coupling field became nickel catalysis.  The Fu report demonstrated the use of Ni(COD)2, a 
common nickel (0) source, in combination with an aromatic diamine ligand, 
bathophenanthroline, to catalyze the SM cross coupling of secondary alkyl bromides and iodides.  
The yields were generally good, ranging from 44% to 90%.  Unfortunately, this method suffers 
from severe functional group compatibility issues.  As illustrated in Scheme 2.12, the use of 
potassium tert-butoxide in alcoholic solvents at elevated temperatures precludes the use of this 
method in fine molecule synthesis.  The authors reported functional group compatibility with 
only ethers, silyl ethers, and nitriles.  
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Scheme 2.12.  The first use of nickel to promote the SM cross-coupling of unactivated Csp3 halides to 
aryl boronic acids. 
 
Perhaps the most mechanistically interesting part of this report is the reactivity of the two 
diastereomers of 2-bromonorbornane.  Subjected independently to the reaction conditions, both 
diastereomers yielded the exo product (Scheme 2.13).   
 
 
Scheme 2.13.  The two diastereomers of 1-bromonorbornane gave the same product when coupled to phenyl 
boronic acid under the Fu system. 
 
This stereochemical convergence may be indicative of a carbon-centered radical oxidative 
addition process, which is in stark contrast to the accepted two-electron oxidative addition 
mechanism of palladim (0).26 
 In an effort to develop a method that was amenable to asymmetric SM cross couplings, in 
2006 the Fu group reported the use of aminoalcohols as ligands for nickel in the SM cross 
couplings of secondary bromides and chlorides.27  This report laid the foundation for 
stereoconvergent SM cross couplings, although this method still suffered from considerable 
functional group intolerability.  
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Scheme 2.14.  TheFu group laid the ground work for stereocontrolled Csp3 SM cross-coupling. 
 
 As can be seen in Scheme 2.14, the reaction still requires alcoholic solvents in the presence of 
strong bases at alcoholic temperatures.  To date the aminoalcohol ligands have not been shown to 
be able to exhibit stereocontrol in the context of alkyl halide SM cross couplings. 
However, this paper was followed by a 2008 report from the Fu group wherein they report 
enantioselective SM cross couplings of racemic, homobenzylic secondary halides utilizing a 
chiral diamine ligand and Ni(COD)2, which can is shown in Scheme 2.15.28   
 
Scheme 2.15.  Enantioselective SM cross-coupling of racemic secondary homo-benzylic halides developed 
by the Fu group. 
 
It is important to note that this system was designed for cross coupling to alkyl broanes, not Csp2 
boronic acids.  The system was subsequently extened to racemic α-chloroamides.29 Again, these 
two methods also employ alcoholic solvents in the presence of strong bases which similarly 
limits their synthetic utility.  An interesting mechanistic note is raised by this report – the 
enantioenrichment of racemic material suggests a carbon centered radical, with stereoinduction 
caused by the chiral environment provided by the ligands around the metal. 
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As the field stands, there is no general and mild method for the SM cross coupling of Csp3 
halides with Csp2 boronic acids. The methods currently available are not compatible with MIDA 
boronates and therefore the ICC platform due to the harshly basic conditions necessary to effect 
this transformation.  Given this great need, and great challenge, we sought to find a mild and 
general solution for the SM cross coupling of Csp3 halides with Csp2 boronic acids. 
 
2-3 DEVELOPMENT OF Csp3 HALIDE – Csp2 BORONIC ACID SUZUKI-MIYAURA 
CROSS COUPLNG 
 
Model System 
 To begin our search for a mild and general method for the SM cross coupling of 
Csp3 halides with Csp2 boronic acids, we first needed to develop a model system.  It was 
necessary that the halide partner of the cross coupling be a boron-protected bifunctional 
building block such that the boron could be theoretically deprotected and the iterative cross 
coupling cycle be turned over.  Given this requirement, we developed the model system 
outlined in Scheme 2.16. 
 
Scheme 2.16.  We developed a model system to test coupling conditions which would represent future 
couplings. 
 
 There are a number of desirable qualities about this model system, particularly the 
bifunctional building block, 2.1.  First, the halide and the protected boron are suitably 
separated by five methylene units such they should not interfere with each other sterically 
or electronically.  Also, this primary halide substrate is predisposed to undergo BHE, so 
this problem could be identified and addressed early in development.  In this sense, we 
decided to front-load our challenge.  In addition, the MIDA boronate served as a stand-in 
for sensitive functionality – we would be forced to find conditions that would not deprotect 
the MIDA boronate and destroy the boronic acid.  Lastly, the Csp2-methylene moiety is 
quite common in synthetic targets, perhaps most obviously in the terpeniods, which are 
currently inaccessible via ICC.  Tolyl boronic acid was chosen because it is known to be 
stable, consistent, and a good cross coupling partner.  The use of tolyl boronic acid largely 
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removed boronic acid quality or decomposition from confusing the analysis of the reaction.  
In addition, the methyl group on the desired product would serve as a good analytical 
handle. 
 Because the desired 5-bromopentyl MIDA boronate 2.1 was not a known substrate, 
it was necessary to develop an efficient and scalable synthesis to this bifunctional coupling 
partner.  We began with a very direct method – the hydroboration of the corresponding 
terminal alkene 2.3 with dibromoborane, followed by a nucleophilic trap with the disodium 
salt of MIDA. 
 
Scheme 2.17.  The hydroboration of 2.3 with dibromoborane and subsequent transesterification gave 2.1 in 
low yields. 
 
  While this method gave the product in one fairly straightforward operation, this route was 
not ideal due to variable yields.  The efficiency of the hydroboration was highly sensitive to 
the quality of the dibromoborane, and the bromine byproduct was difficult to remove 
through silica gel chromatography or recrystallization.  We next tried a hydroboration of 
the same olefin with catechol borane (Scheme 2.18), followed by a direct transesterification 
with MIDA.  The hydroboration was highly efficient and scalable, and the 
transesterification also proceeded in high conversion. 
 
Scheme 2.18.  The neat catechol hydroboration of 2.3 was efficient but the onerous purification precluded 
the scalability of this route. 
 
  Unfortunately, the generation of stoichiometric quantities of catechol made purification 
intractable. Catechol is notoriously difficult to remove by chromatography due to its 
propensity to streak on silica gel, and through many columns and recrystallizations, the free 
catechol appeared to have a positive interaction with the MIDA boronate which precluded 
its separation from the desired product, and thus the scalability of this route.  Thus, we 
turned to a third method.  Given that the catechol hydroboration was efficient, we 
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attempted the analogous conversion with pinacol borane.  Pinacol borane is less sensitive to 
air and moisture than catechol borane and is separable from MIDA boronates through a 
calcium complexation.  To our delight, the neat pinacol hydroboration proceeded in high 
yield, and the pinacol ester 2.4 was stable to an aqueous work up (Scheme 2.19.  We 
attempted a direct transesterification with MIDA, which had worked quite well with the 
catechol boronic ester, but the conversion for this transformation was consistently low. 
 
Scheme 2.19.  Pinacol boroane hydroboration of 2.3 was efficient and high yielding, but the subsequent 
transesterification gave suboptimal yields. 
 
This method was later developed and optimized in the group by Eric Woerly, but at the 
time, we decided that cleaving to the boronic acid and traditional MIDA complexation 
would be faster and more efficient.  We were able to oxidatively cleave the pinacol boronic 
ester in high yield, but unfortunately, all attempts at MIDA complexation were met with 
failure.  The yields ranged from 9%-22% as we tried to complex the boronic acid 2.5 under 
various conditions: reduced temperature and pressure, various solvents, and solvent 
mixtures.  All experiments resulted in decomposition of the starting material and little 
product formation.  It became clear that a new complexation method was needed, and as 
will be discussed in great detail in Chapter 3, we developed a novel method for boronic 
acid complexation.   
 
Scheme 2.20.  Pinacol boroane hydroboration of 2.3 gave pinacol boronic ester 2.4 in high yields, which 
was simply cleaved to boronic acid 2.5, then complexed to give the desired bifunctional building block 2.1. 
 
Complexation with the cyclic anhydride of MIDA finally yielded the desired building 
block 2.1 in reproducibly high yields.  This route (Scheme 2.20) is scalable and all steps 
usually proceed in greater than 90% yield. 
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 As the main method of analysis would be 1H NMR, we also synthesized a product 
standard, 2.2; the best route to which is outlined in the Scheme 2.21.  The standard was 
synthesized before the pinacol hydroboration route for 2.1 was completed, so this route 
utilized the dibromoborane hydroboration.  Treatment of primary alcohol 2.6 with 
triphenylphosphine and bromine in the presence of triethylamine gave the primary bromide 
2.7 in 92% yield.  Subsequent displacement of the bromide with allylmagnesium chloride 
resulted in a 96% yield of the desired terminal olefin 2.8.  Finally, hydroboration with 
pinacolborane followed by oxidative cleavage and MIDA anhydride complexation gave the 
desired MIDA boronate 2.2.  
 
 
Scheme 2.21.  Primary alcohol 2.6 was converted to primary bromide 2.7, which was then subjected to 
displacement with allyl magnesiumchloride to give 2.8.  This terminal olefin was then hydroborated with 
pinacolborate and subsequent cleavage and complexation gave 2.2, which served as an NMR standard in 
the analysis of reaction mixtures. 
 
 With the product standard and building blocks in hand, we were able to turn our 
attention to the coupling.  The coupling conditions necessarily had to be mild and 
anhydrous to retain the integrity of the MIDA boronate functionality.  Also, it was 
desirable that the conditions be mild enough to be used late stage in a synthetic route, so 
ideally they would be highly functional group tolerant and compatible with fine molecule 
synthesis.  Finally, although the model system we developed was a primary halide, the 
eventual goal was to be able to stereoretentively couple building blocks with defined 
stereochemistry.  It was primarily for this last reason that we decided to begin our search 
with palladium catalysis. 
 
 
Palladium 
 We began our search for a mild and general cross coupling method with palladium 
catalysis.  The efficiency of the ICC platform is maximized when all of the stereochemistry 
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is preinstalled in the building blocks, so we imagined eventually translating the system we 
developed to secondary, stereodefined halides.  Accordingly, we sought a method that 
would be sure to translate the stereochemistry of the building block to the final coupling 
product.  In addition to this reason, there was a considerable amount of precedent in the 
group for the selective coupling of boron-protected bifunctional building blocks with 
palladium.  Finally, as detailed above, palladium catalyzed SM cross couplings of Csp3 
halides was difficult, but precedented.30  Thus, palladium catalysis was the clear place to 
begin. 
To address and combat the problem of slow oxidative addition, we first employed various bulky 
electron-rich phosphine ligands on palladium.  This decision was influenced by the Fu’s report 
on the success of the di-tert-butyldimethylphosphine ligand.  In addition, the Buchwald group 
developed such a series of ligands for palladium acetate that has been shown to be robust for a 
wide variety of traditionally difficult halides.31  In their 2008 review, the Buchwald group details 
the logic behind their ligands – the article goes into great (and extremely helpful) detail about the 
characteristics of the ligands that are thought to contribute to their high reactivity.30 In general 
the reason they are thought to be so active for difficult electrophiles is that they are very electron 
rich and confer greater nucleophilicity to the palladium, which facilitates oxidative addition.  
They also hypothesize that steric bulk increases the rate of reductive elimination by crowding the 
palladium center.   Interested in accessing the power of the Buchwald methodology, we began 
looking at systems employing Pd(OAc)2 and an array of Buchwald ligands, including XPhos, 
SPhos, CyJohnPhos, and JohnPhos.  We started by employing the standard selective SM cross 
coupling conditions that were developed in the group expressly for the purpose of coupling the 
halide of a bifunctional building block.  As expected, we saw less that 5% conversion to the 
desired product, and a great deal of the BHE side product.  Initial investigations indicated the 
marginal superiority of XPhos over other ligands, and so we primarily focused on 
Pd(OAc)2/XPhos in our experiments. 
Unfortunately, the palladium acts as a formal electrophile in the transmetallation step, and the 
electron rich nature of the phosphine-palladium complex can deter transmetallation.  
Transmetallation is generally thought to be the turnover limiting step in the SM cross coupling,25  
and impeding transmetallation in alkyl halide cross coupling can lead to BHE.  After oxidative 
addition occurs, the alkyl-palladium species can easily undergo BHE to yield the undesired 
terminal olefin side product.  Based on the fact that we observed primarily conversion to the 
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terminal olefin, we hypothesized that oxidative addition was occurring, but the palladium-alkyl 
intermediate was undergoing BHE before productive transmetallation could occur.  Based on 
this hypothesis, we pursued a diverse array of bases to partner with the Buchwald ligands.  A 
summary of the bases used are outlined in Table 2.1.  We recovered no starting halide, BHE 
product, or desired product with most of the strong bases.  It is possible that productive coupling 
occurred, but then was followed swiftly by decomposition of the product MIDA boronate, which 
would have been unobservable.  When it became clear that the BHE problem would not be 
solved by variation of the identity of the base, and recognizing that we were often seeing the 
product of oxidative addition, we combinatorially investigated palladium sources and ligands.  
We continued base investigations while studying palladium sources with some of the bases that 
we had previously shown to promote some coupling (Scheme 2.22)  
 
 
 
Scheme 2.22.  Palladium and ligand screens showed that the Pd(OAc)2/XPhos system was the most 
reactive catalyst system. 
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Table 2.1.  Conversion was determined by 1H NMR, ad described in the experimental section.  The 
predominant product in cases where reactivity was observed was the BHE product 2.9. 
 
 
35 
 
 Throughout all of these investigations, we continued to survey the typical variables – 
equivalents of base, concentration, solvent, temperature, and catalyst loading.  These variables 
had little to no effect on the production of the desired product.  In short, none of the catalyst 
combinations were more productive than the palladium acetate/XPhos system. 
  In general, the issue appeared to be that any base that may have been sufficiently 
nucleophilic to promote transmetallation would also deprotect the MIDA boronate and 
subsequently promote boronic acid decomposition.  Future experiments could include separate 
formation of the boron-ate complex prior to coupling.  Literature reports indicate that the 
mechanism of transmetallation depends largely on the identity of the substrates,32 and given that 
the highly nucleophilic ligands are needed to overcome the barrier to oxidative addition, this 
cross coupling may be a prime candidate for the transmetallation mechanism which proceeds 
first through attack of hydroxide on the boronic acid.  Ultimately, we decided to pursue nickel 
catalysis, based on the reports of success from the Fu and other groups. 
Nickel 
Many of the recently reported examples of Suzuki-Miyaura cross-couplings with primary 
halides have been pioneered by the Fu group and employed nickel-based catalysis.33 
Employing literature precedented conditions, we began our nickel investigations with the 
bis(1,5-cyclooctadiene)nickel/bathophenanthroline system developed by the Fu group.  As 
predicted, the harsh conditions (KOt-Bu, sec-butanol, 60°C) resulted in complete 
decomposition of the starting material.  A TLC screen showed that the starting material was 
unstable to potassium tert-butoxide at room temperature – the MIDA boronate was 
deprotected to the boronic under an hour in toluene, acetonitrile, THF, i-PrOH, t-BuOH, 
and s-BuOH.  As such, our first objective was to eliminate the strong base and the protic 
solvent.  Recalling the issue of transmetallation from the palladium experiments, we 
recognized that the identity of the base would be crucial to this method as well. 
We investigated a series of inorganic bases in various aprotic solvents and were pleased to 
discover almost immediately that potassium phosphate in THF was competent to promote 
cross-coupling, with no apparent decomposition of starting material and less than 5% 
conversion to the β-hydride elimination product.  In fact, the BHE product made up 5% or 
less of all the product mixtures obtained using nickel catalysis.  
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Table 2.2.  Reactivity was observed immediately, and conversion to BHE product 2.9 was minimal. 
 
The elimination of this non-productive pathway, and the discovery that relatively weak 
inorganic bases could promote this reaction was crucial to the development of a method 
that is compatible with the ICC platform.  
  A brief screen of weak inorganic bases indicated that there was little difference 
between the action of potassium carbonate and potassium phosphate.  Accordingly, we 
continued to survey both bases in the following experiments.  We had achieved the goal of 
a mild system, and turned our attention to making this system high-yielding. 
Previous examples required the use of a very strong base to promote cross coupling.  
Hydroxide is far more nucleophilic than either carbonate or phosphate; recalling the 
mechanism of transmetallation, it could be argued that nucleophilicity is far more important 
to cycle turnover than basicity.  As such, we hypothesized that the relatively weak 
inorganic bases were forming small amounts of hydroxide from adventitious water, which 
would then promote transmetallaion.  Boronic acids are known to form boroxines in aprotic 
solvents, which necessarily produce water upon formation (Scheme 2.23),34 and this 
process could contribute greatly to the amount of water present in solution.  
 
Scheme 2.23.  Boronic acids are known to form boroxines under dehydrating conditions. 
 
With this understanding this, we investigated the addition of exogenous water, with the 
hope that formation of small amounts of hydroxide would facilitate transmetallation.  As 
the hydroxide was consumed by the reaction, more would be formed according to Le 
Chatlier’s principle by the reaction of potassium phosphate and water.  Continuing to work 
with the potassium phosphate system, we added in varying equivalents of water (Table 
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2.3).  Pursuant to this goal we also showed that the MIDA boronate functionality was stable 
to 5 equivalents of water at up to 80 °C.    The addition of one equivalent of water gave the 
highest conversion to the desired product (17%, entry 2).  Thus, we incorporated one 
equivalent of water into the system, added as a solution in THF (II-112.).  However, the 
increase to 17% was quite modest, and the system was far from robust.  Thus further 
optimization was required. 
 
Table 2.3.  The addition of one equivalent of water caused an increase in the conversion to the desired 
product 2.2. 
 
As discussed above, there was literature precedent to suggest that other nickel sources and 
ligands would be competent to promote the desired coupling.  We surveyed a series of 
nickel (II) sources as well as Ni(COD)2 with the addition of diamine and amino alcohol 
ligands (see the summary in Scheme 2.24 ).  However, none of the systems we investigated 
surpassed the Ni(COD)2/bathophenanthroline  system.   
Ni(COD)2
NiCl2(glyme)
prolinol
bathophenanthroline
1,2-diaminobenzene
1,2-trans-aminocyclohexanol
1,2-trans-diamino yclohexane
K3PO4
K2CO3
Ligands Bases
6% Ni
12% Ligand
2.0 equiv. base
1.0 equiv. H2O
THF, 60 oC, 18h
Ni Source
B
O
O
MeN
O
OB(OH)2
Me
Br
+
4
B
O
O
MeN
O
O4
H3C
combinatorially:
 
Scheme 2.24.  No other nickel/ligand combination was found to be as reactive as the   
Ni(COD)2/bathophenanthroline system. 
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During the course of these investigations, we had been discussing the option of changing 
the coupling partners to represent a more accessible coupling.  A footnote in the 2004 Fu 
paper indicated that oxidative addition appeared to be far more facile into a carbon-iodine 
bond than a carbon-bromine bond.25 In general, the synthesis of primary iodides and 
primary bromides are equally straightforward.  We therefore decided to try our current 
method on a primary iodide.  Treatment of 2.1 with sodium iodide in acetone gave the 
primary iodide in 97% yield (Scheme 2.25). 
 
Scheme 2.25.  Treatment of 2.1 with NaI gave 2.10 in 97% yield. 
 
The first attempt at coupling this substrate was an immediate improvement over the 
bromide.  Apparent 68% conversion to the desired product was observed with 12% 
Ni(COD)2 and 6% bathophenanthroline.  However, subsequent attempts at isolation or 
reproduction showed that this system was extremely sensitive to a number of factors, 
including the age of the Ni(COD)2, the amount of water in the reaction, and the equivalents 
of base.  Generally, the conversions hovered around 30%.  The last case caused us to run an 
experiment which directly tested the equivalents of base in the reaction (Table 2.4).  We 
were pleased to see a marked increase in conversion when higher equivalents of base were 
used. 
 
Table 2.4.  Raising the equivalents of base greatly increased conversion of the halide 2.10 to the desired 
product 2.2. 
 
Excited by this result, we returned to the identity of the base.  A screen of inorganic bases 
quickly showed that three equivalents of Cs2CO3 reproducibly showed the highest 
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conversions (IV-40).  Thus, we confirmed that Cs2CO3 is the optimal base in this method.  
This may be due to the increased solubility of cesium carbonate in THF as compared to 
K2CO3.  Having identified a base, and again wishing to address the issue of reproducibility, 
we next reexamined the role of water in this reaction.  As mentioned above, we originally 
included water in the reaction mixture to increase the amount of hydroxide that was 
formed, which we hypothesized would aid transmetallation.  However, with the use of 
soluble cesium carbonate, and observing markedly higher conversions, we questioned 
whether water was still necessary.  We ran an experiment in which we compared the 
conversion directly to the equivalents of water added to the reaction, and noted that water 
did not appear to increase the product formation in this system, and from this point 
forward, excluded it from the system. 
Again looking to increase product formation and aid reproducibility, we examined the role 
of the ligand once more.  Using Ni(COD)2 as the nickel source, we surveyed a variety of 
flat, aromatic, diamine ligands.  The purpose of this experiment was to explore the role of 
the bathophenanthroline ligand, and use the results to make some rationally designed 
modifications to the ligand.  However, to our delight, we found that use of 4,4’-di-tert-
butyl bipyridine, or dtbpy, resulted complete conversion of the starting material (Table 
2.5).  Subsequent analysis by GC of entries 4 and 5 in Table 2.5 indicated that this same 
reaction gave a 76% yield by GC (after conversion to the pinacol ester, a technique which 
had very recently been developed by Eric Gillis). 
  
Table 2.5.  An investigation of the ligand revealed high reactivity with dtbpy, although the discrepancy 
between the 1H NMR conversion and GC yield revealed a new issue. 
 
We were pleased with the high conversion because of the apparent discrepancy between the 
100% conversion and the 76% GC yield.  To investigate this further, we scaled up the 
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reaction to 1 mmol scale.  It was at this point that we discovered the existence of a major 
byproduct, shown in Scheme 2.26.  This is the apparent result of either 
protodehalogenation or protodemetallation, and retrospectively, has appeared in nearly 
every NMR spectrum since we made the switch to nickel. 
 
Scheme 2.26.  Independent synthesis (experimental section) confirmed the presence of the 
protodehalogenated side product 2.11, which explained the 1H NMR/GC discrepancy in Table 2.5. 
 
Reexamination of spectra from earlier experiments showed that what we had interpreted as 
complete conversion to product was actually 60-70% conversion to the desired product, 
with the remainder mostly pentyl MIDA boronate, 2.11.  A series of experiments revealed 
that changing the catalyst loading to 15% increased the reproducibility of the system.35  
With this final change, we decided to explore substrate scope and scale. 
To test the reproducibility of the reaction on 1 mmol scale, we chose to switch the boronic 
acid from tolyl boronic acid to meta-methoxy boronic acid.  The MIDA boronate moiety 
tends to dominate the physical properties of small building blocks, and for this reason, the 
separation of MIDA boronates with similar structures is extremely challenging.  
Purification of this reaction requires normal phase silica gel chromotography followed by 
C18 reverse phase silica gel chromatography and subsequent extraction of the reverse phase 
fractions.  We hypothesized that the inclusion of the methoxy group would aid in the final 
separation due to the addition of the heteroatom in the product that would not be in the 
starting material, the BHE product, or the dehalogenated product.  After significant 
optimization of column conditions, a 61% yield was achieved from a batch of this reaction, 
which is consistent with the conversion to product as measured by NMR. 
 
 
Scheme 2.27.  To optimize column conditions, this reaction was purified in batches.  One batch gave a 
61% yield of 2.12 based on the crude mass. 
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Due to the difficulties in separation, we conducted this coupling on a primary iodide 2.13 
which lacked the MIDA boronate functionality (Scheme 2.28, a).  In this reaction, the 
protodehalogenation and BHE side products would be easily separable or volatile, so the 
yield that we obtained should not be lowered by purification.  The yield for this reaction 
was 54% after a single normal phase column.  Further exploring the substrate scope 
(Scheme 2.28), we achieved clearly the best result to date, which was a 65% yield on an 
IPC derived primary iodide 2.15 (synthesis in experimental section) to give 2.16.  We 
attempted the coupling of iodo-propyl MIDA boronate 2.17 and found the reactivity to be 
very similar to iodo-pentyl MIDA boroante, and a 52% yield was isolated.  Iodomethyl 
MIDA boronate, 2.19, (syntheses of 2.17 and 2.19 in experimental section) was not 
reactive under these conditions.  
 
Scheme 2.28. (a.) Substrate 2.13 gave a 54% yield when coupled to meta-methoxy boronic acid. (b.)  A 
65% yield was achieved for primary iodide 2.15 to give 2.16.  (c.) Iodo-propyl MIDA boronate 2.16 
showed reactivity similar to 2.10, giving a 52% isolated yield but (d.) iodo-methyl MIDA boronate 2.19, 
was not reactive to coupling conditions. 
 
Summary of The Method and Future Experiments 
This method currently stands at a 61% iosolated yield for the coupling shown in SCHEME.  
Normally, full or almost full conversion of the starting halide is seen, with approximately 
60-70% going to the desired product, 20-30% going to the dehalogenated byproduct, and 
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less that 5% going to the BHE product.  I postulate that the way to improve this method is 
to understand the pathway that leads to the dehalogenated byproduct and eliminate or 
reduce the causative factors.  A reduction in the catalyst loading, perhaps coupled to a 
catalyst recharge, may reduce this side product.  Given that the primary iodide seems 
unlikely to undergo protodehalogenation directly, I hypothesize that the source of the 
dehalogenated side product may be due to protodemetallation of the much more reactive 
alkyl nickel species.36  Accordingly, I think a further increase in the equivalents of base 
may push the acid-base equilibrium even further, reducing the pH and possibly also 
reducing protodemetallation.   As was mentioned in reference 35, and in light of recent 
literature reports,37 I think this system would benefit from a systematic reexamination of 
the nickel to ligand ratio.  Finally, temperature and solvent were only minimally explored; 
examination of these variables may reveal higher desired reactivity.  In addition to the 
dehalogenated byproduct, this system suffers from irreproducibility at lower catalyst 
loadings.  It may be worth examining other nickel (0) sources, or at the very least, working 
with Ni(COD)2 that is no older than two months.  That being said, given the 
Knochel/Kambe experiments which indicate the action of olefins as pi acids, the 
cyclooctadiene ligand may be playing a significant role. 
 
2-4 SYNTHESIS OF TERPENOID BUILDING BLOCK 
 As was mentioned in earlier in this chapter, one of the main synthetic targets for 
which this method was being developed is the terpenoids.  Terpenoids, also known as 
isoprenoids, are an extremely diverse set of natural products which are biosynthesized by 
iterative addition of isoprene units.38  The enzymes involved in the biosynthesis of 
terpenoids are increasingly being recognized as possible targets for the treatment of cancer, 
Alzheimer’s disease, and drug-resistant S. aureus.39  Facile and modular syntheses of these 
bioactive natural products and their derivatives would enable mechanistic probing of these 
pathways.  We recognized that these syntheses would be greatly facilitated if ICC were 
used to bring together the isoprene-derived unit common to this class (Scheme 2.29).  Thus, 
we imagined the construction of the building block 2.28 and set out on a synthesis.  We 
attempted a number of syntheses, but the two major ones will be discussed here. 
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Scheme 2.29. Retrosynthetic analysis of terpenoids reveals a building block 2.21 which can be iteratively 
cross-coupled to give a variety of isoprenoids. 
 
In the first generation route, our plan took advantage of chemistry that had been 
precedented in the lab, and chemistry that was being developed at the time.  Shown in 
Scheme 2.30, the route began with bromo-isoprenyl MIDA boronate 2.22, which was 
synthesized by Eric Woerly en route to (-)-peridinin.40  Stille coupling of the halide to tri-
butyl vinyl stannane would yield the diene 2.23, which we imagined would be subjected to 
selective hydroboration/oxidation to yield the allylic alcohol 2.24.  This alcohol was to be 
iodinated to give the building block 2.21. 
  
Scheme 2.30. The hydroboration/oxidation sequence of 2.23 was not sucessful. 
 
 Synthesis of the bromo-isoprenyl MIDA boronate proceeded smoothly and was 
carried out as described by Eric Woerly.40  The subsequent Stille reaction was optimized to 
give 78% yield.  However, all attempts at the hydroboration/oxidation protocol (using 9-
BBN borane, dichclohexyl borane, pinacol borane, and catechol borane) were met with 
failure, either due to low reactivity of the diene or decomposition of the starting material.  
Interestingly, the major product of the hydroboration with 9-BBN borane appeared to be 
the internal alcohol, but this was never verified by independent synthesis. 
 After the failure of this route and two others, we proposed the route in Scheme 2.31.  
However, this route was performed only one time, and the reactions were not optimized.  
Beginning with protected 3-butynyl alcohol 2.26 (after protection of 2.25), we performed a 
hydrozirconation-aluminum transmetallation followed by electrophilic trap with iodine as 
described by Negishi et. al. in 2003,41 to generate vinyl iodide 2.27.  Subjection of the vinyl 
iodide to the hot protocol developed by Graham Dick provided the corresponding MIDA 
boronate 2.28.42  Deprotection of the alcohol and subsequent iodination yielded the desired 
building block 2.22. 
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Scheme 2.31. The route to 2.22 was not optimized, but gave the desired product.  The key transformation is 
the aluminum transmtellation and iodine trap to yield the vinyl iodide. 
 
As was mentioned above, this route has not been optimized, and as of yet the reactivity of 
this building block remains unexplored. 
 
2-5 SUMMARY 
 
 Herein we have described the development of a mild method for the SM cross-
coupling of primary Csp3 halides to aryl boronic acids using a Ni(COD)2/dtbpy catalyst 
system, and we have described the preparation of an essential building block for the 
iterative cross coupling synthesis of terpenoids.  Through this work, we found that primary 
bromides can be reactive to palladium cross coupling conditions, but generally lead to the 
undesired BHE side product.  When investigating nickel catalyzed cross-coupling 
reactions, we determined that weak, inorganic bases were competent to promote productive 
cross coupling of primary alkyl halides.  In addition, we also discovered the existence of a 
dehalogenated byproduct which is detrimental to the yield of the productive cross coupling 
reaction, and must be address for the success of this methodology. 
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2-6 EXPERIMENTAL INFORMATION 
 
GENERAL EXPERIMENTAL PROTOCOL 
 
Materials.  Commercial reagents were purchased from Sigma-Aldrich, Fisher Scientific, Alfa 
Aesar, Strem, TCI America Frontier Scientific, Oakwood Products or Combi-Blocks and were 
used without further purification unless otherwise noted. Solvents were purified via passage 
through packed columns as described by Pangborn and coworkers43 (THF, Et2O, CH3CN, 
CH2Cl2: dry neutral alumina; hexane, benzene, and toluene: dry neutral alumina and Q-5 reactant 
(copper(II) oxide on alumina); DMSO, DMF: activated molecular sieves). All water was 
deionized prior to use. Pyridine was freshly distilled under an atmosphere of nitrogen from CaH2. 
N-methyliminodiacetic acid44 was prepared according to procedures reported in the literature 
 
General Experimental Procedures.  Unless otherwise noted, all reactions were performed in 
flame-dried glassware under argon. Organic solutions were concentrated via rotary evaporation 
under reduced pressure with a bath temperature of 25-70 ºC. Reactions were monitored by 
analytical thin layer chromatography (TLC) performed using the indicated solvent on E. Merck 
silica gel 60 F254 plates (0.25mm). Compounds were visualized by: exposure to a UV lamp (λ = 
254 or 366 nm), incubation in a glass chamber containing iodine, and/or treatment with a 
solution of KMnO4, an acidic solution of p-anisaldehyde or a solution of ceric ammonium 
molybdate (CAM) followed by brief heating with a Varitemp heat gun. MIDA boronates are 
compatible with standard silica gel chromatography, including standard loading techniques. 
Column chromatography was performed using standard methods,45 C18 reversed-phase 
chromatography was performed on a Teledyne-Isco CombiFlash Rf purification system. Both 
methods were performed using Merck silica gel grade 9385 60 Å (230-400 mesh). For loading, 
compounds were adsorbed onto non acid-washed Celite 545 by suspension of the mixture in a 
suitable solvent (usually acetone), addition of Celite until dry, and evaporation of the solvent.  
After removal of the Celite-adsorbed material, this procedure was performed a second time to 
ensure complete transfer of residual material. 
 
Structural analysis.  1H-NMR spectra were recorded at 23 °C on a Varian Unity 400, a Varian 
Unity 500, or a Unity Inova 500 MHz NB spectrometer. Chemical shifts (δ) are reported in parts 
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per million (ppm) downfield from tetramethylsilane and referenced to residual protium in the 
NMR solvent (CHCl3, δ= 7.26; CD2HCN δ=1.93, center line; acetone-d6 δ= 2.06, center line). 
Alternatively, NMR-solvents designated as “w/ TMS” were referenced to tetramethylsilane (δ = 
0.00 ppm) added as an internal standard. Data are reported as follows: chemical shift, 
multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, quint = quintet, sept = septet, m = 
multiplet, br = broad, app = apparent), coupling constant (J) in Hertz (Hz), and integration.  13C 
NMR spectra were recorded at 23 °C on a Varian Unity 500 MHz spectrometer. Chemical shifts 
(δ) are reported in ppm downfield from tetramethylsilane and referenced to carbon resonances in 
the NMR solvent (CDCl3, δ= 77.0, center line; CD3CN, δ= 1.30, center line, acetone-d6 δ= 29.80, 
center line) or to added tetramethylsilane (δ= 0.00).  Carbons bearing boron substituents were not 
observed (quadrupolar relaxation). 11B NMR were recorded using a General Electric GN300WB 
instrument and referenced to an external standard of (BF3·Et2O). High resolution mass spectra 
(HRMS) were performed by Furong Sun and Dr. Steve Mullen at the University Of Illinois 
School Of Chemical Sciences Mass Spectrometry Laboratory.  X-ray crystallographic analysis 
was carried out by Dr. Scott Wilson and Dr. Danielle Gray at the University of Illinois George L. 
Clark X-Ray facility. 
 
Synthesis of Model Substrates 
 
 
Scheme 2.32 
 
Pinacol boronic ester 2.4 
 
Procedure: 
A 40 mL I-Chem vial was flame dried, equipped with a stir bar, capped with a septum cap, and 
placed under argon.  To this vial was added 12.5 g 2.3 (83.87 mmol, 1.0 equiv) via syringe, 
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followed by 12.7 mL (88.06 mmol, 1.05 equiv) pinacol borane (4,4,5,5-tetramethyl-1,3,2-
dioxaborolane, CAS: 25015-63-8).  The vial containing the neat mixture was placed in a pre-
heated 125 °C Al heating block and stirred at 125 °C for 36 h.  The vial was allowed to cool to 
room temperature.  The contents were transferred to a 125 mL Erlenmeyer flask with diethyl 
ether, then diluted with 75 mL diethyl ether.  Water was added (quickly) dropwise with stirring 
until bubbling stopped.  The mixture was transferred to a 125 mL separatory funnel, shaken, and 
separated.  The aqueous layer was extracted two times with 50 mL ether.  The combined organic 
layers were dried over MgSO4, filtered, and concentrated in vacuo.  Residual solvent was 
removed by high vac.  Yield: clear, colorless oil. 22.50 g, 97%. 
 
Notes: 
This compound is difficult to visualize by TLC and may not be amenable to silica gel 
chromatography.  If starting material remains, the mixture can be resubmitted to the reaction 
conditions, or the starting material can be removed by high vac.  This compound should be 
stored in a flame-dried vial under argon in the freezer. 
 
1H NMR:  
In CDCl3: δ 3.399 (t, 2H), δ 1.866 (quint, 2H), δ 1.431 (m, 4H), δ 1.242 (s, 12H), δ 0.785 (t, 2H). 
 
Boronic acid 2.5 
 
 
Procedure: 
A 500 mL round bottom flask was charged with a stir bar, 10 g of pinacol ester 2.4 (36.1 mmol, 
1.0 equiv), 40 mL THF, and 30 mL water.  This mixture was stirred to dissolve pinacol ester.  
The flask was then placed in an ice/water bath up to the neck of the flask, stirring continued 
(stirring ensures the water in the reaction does not freeze) open to air.  To the flask is added 63.7g 
sodium periodate (180.5 mmol, 5.0 equiv.).  Reaction continued to stir for 10 minutes at 0 °C.  
72.2 mL 1N HCl was then added by syringe, by slowly streaming the HCl down the interior of 
the iced flask (such that it was sufficiently chilled by the time it reached the reaction mixture) 
over 5-10 minutes.  The reaction stirred at 0 °C for 1.5 h.  The ice bath was removed, and the 
mixture was allowed to warm to room temperature with stirring for 5.5 h.  The mixture turned 
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yellow when the reaction is complete.  The mixture was transferred to a separatory funnel 
containing 70 mL water and 150 mL diethyl ether, shaken, and separated.  The aqueous layer was 
extracted 3 times with 150 mL ether.  The combined organics were then washed (carefully!) with 
50 mL saturated Na2S2O5 (IMPORTANT SAFETY NOTE: do NOT add this layer to the 
previously collected aqueous layer, as a very exothermic reduction of the periodate will occur 
and very hot gaseous plumes of I2 will be generated).  The combined organic layers were dried 
over MgSO4, filtered, and concentrated in vacuo.  Residual solvent was removed by high vac.  
Yield: white, oily solid. 7.0 g, 99%. 
 
Notes: 
It is worth repeating:  IMPORTANT SAFETY NOTE: do NOT add the reductive wash layer to 
the previously collected aqueous layer, as a very exothermic reduction of the periodate will occur 
and very hot gaseous plumes of I2 will be generated.  This will boil the ether and cause a massive 
loss of product.  The boronic acid is acrid smelling and unstable.  It is best to generate the 
boronic acid and use immediately in the complexation.  It also has a propensity to form the 
boroxine (which is an oil), so it is best not to azeotrope this compound, heat the bath when 
rotovapping, or leave it on high vac for very long. 
 
1H NMR:  
Spectrum often shows boroxine/boronic acid mixture.  
In CDCl3 : δ 7.259 (s, approx. 4H), δ 3.416 (t, 2H), δ 1.874 (quint, 2H), δ 1.467 (m, 4H), δ 0.946 
(t, 2H). 
 
 
MIDA boronate 2.1 
 
Procedure:  
A flame-dried 20 mL i-chem vial equipped with a PTFE-coated magnetic stir bar was charged 
with boronic acid (200.0 mg, 1 mmol, 1 equiv.) and 645.5 mg MIDA anhydride (5 mmol, 5 
equiv.).  The vial was capped with a PTFE-lined septum cap, evacuated and backfilled with 
argon three times.  To this vial was added 5 mL dry THF through syringe. The vial was lowered 
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Na2S2O5 and 30 mL EtOAc, shaken, and separated.  The aqueous layer was washed 2 times with 
15 mL saturated Na2S2O5.  The combined aqueous layers were extracted three times with 30 mL 
EtOAc (followed by TLC).  The combined organic layers were dried over magnesium sulfate, 
filtered and concentrated in vacuo to give a white solid.  2.05g, 97%. 
 
Notes: 
It should be noted that this reaction is dependent on the solubility of NaI in acetone, and the 
insolubility of NaBr in acetone.  Thus, the concentration and solvent should not be altered.  
Exercise caution when heating acetone in a sealed container to 60 °C. If this reaction does not go 
to completion, the mixture can be resubmitted to the reaction conditions until complete 
conversion is achieved.  If the solid is yellow, it is most likely contaminated with I2 and thus 
should be purified by reductive wash, column, or recrystallization.  This compound can be stored 
for long periods of time with no apparent decomposition.  However, it was stored under 
aluminum foil because primary iodides are light sensitive.  This material can be purified by 
column chromatography (Et2O  25% MeCN in Et2O) or precipitation (dissolve in minimum 
amount of acetone, slowly layer Et2O on top until no more precipitation is noted, cap and store in 
fridge for 1h, collect crystals). 
 
1H NMR:  
In d6-acetone : δ 4.164 (d, 2H), δ 4.039 (d, 2H), δ 3.292 (t, 2H), δ  3.102 (s, 3H), δ 1.846 (quint, 
2H), δ 1.463-1.434 (m, 4H), δ 0.651 (t, 2H). 
TLC: 
Eluent 4:1 Et2O:MeCN, Rf= 0.38, vis=KMnO4 
 
 
Scheme 2.33 
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Homobenzylic bromide 2.7. 
 
Procedure: 
A 200 mL round bottom flask was flame dried, equipped with a stir bar, and charged with 1.284 
g triphenylphosphine (4.8972 mmol, 1.1 equiv).  Reaction was sealed with a septum and placed 
under nitrogen, and 40 mL benzene added via syringe.  Cooled to 0 °C in ice/water bath.  To the 
flask was added 4.9 mL 1M Br2 in benzene (1.1 eq), dropwise with stirring.  Stirred 5 min at 0 
°C, then removed from ice bath.  Triethylamine (682.3 μL, 4.8972 mmol, 1.1 equiv) was added 
all in one portion via syringe, followed by 620 μL alcohol 2.6 (4.452 mmol, 1.0 equiv.) in one 
portion.  Reaction stirred at room temperature for 5h, monitored by TLC.  Solvent removed in 
vacuo, reaction mixture loaded onto Celite and purified by column chromatography.  Column 
conditions: 5 cm diameter, 9 cm tall, packed with 20:1 hexanes:EtOAc, eluted with same.  
Collected 29 10 mL fractions, pooled fractions 6-15, concentrated to yield clear, colorless oil.  
810mg, 92%. 
 
Notes: 
Triphenylphosphine oxide can be removed by trituration with hexanes if necessary. 
 
1H NMR: 
In d6-acetone : δ 7.186-7.128 (m, 4H), δ 3.649 (t, 2H), δ 3.120 (t, 2H), δ  2.298 (s, 3H). 
 
 
Terminal olefin 2.8 
 
Procedure: 
A 40 mL I-chem vial was flame dried, equipped with stir bar, and charged with 500 mg bromide 
2.7.  Sealed with a septum cap and placed under argon.  5 mL THF added via syringe.  Solution 
cooled to 0 °C in ice/water bath.  Allylmagnesium chloride (2.575 mL, 1.5 equiv., 1.46 M in 
THF) added dropwise via syringe.  Reaction stirred at 0 °C for 5 min, then transferred to  
preheated 68 °C aluminum heating block, where it continued to stir for 3h.  Reaction was cooled 
to 0 °C, and quenched with 5 mL dropwise addition of saturated ammonium chloride.  Reaction 
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mixture was transferred to a separatory funnel containing 10 mL DCM.  Shaken, separated.  
Aqueous layer extracted 2 times with 10 mL DCM (followed by TLC).  Combined aqueous  
layers were dried over magnesium sulfate, filtered, and concentrated in vacuo to yield clear, 
colorless oil.  396.3 mg, 96%, no purification necessary. 
 
1H NMR: 
In d6-acetone : δ 7.055 (m, 4H), δ 5.827 (m, 2H), δ 5.010-4.904 (m, 1H), δ  2.565 (t, 3H), δ  
2.247 (s, 3H), δ  1.651 (m, 3H). 
TLC: 
5:1 hexanes:EtOAc, Rf= 0.74, vis=UV 
 
 
Pinacol boronic ester 2.30: 
 
 
Procedure: 
A 7 mL I-Chem vial was flame dried, equipped with a stir bar, capped with a septum cap, and 
placed under argon.  To this vial was added 1.0 g 2.8 (6.2 mmol, 1.0 equiv) via syringe, followed 
by 946.6 μL pinacol borane (6.5 mmol, 1.05 equiv, 4,4,5,5-tetramethyl-1,3,2-dioxaborolane, 
CAS: 25015-63-8).  The vial containing the neat mixture was placed in a pre-heated 125 °C Al 
heating block and stirred at 125 °C for 40 h.  The vial was allowed to cool to room temperature.  
The contents were transferred to a 25 mL Erlenmeyer flask with diethyl ether, then diluted with 5 
mL diethyl ether.  Water was added (quickly) dropwise with stirring until bubbling stopped.  The 
mixture was transferred to a 30 mL separatory funnel, shaken, and separated.  The aqueous layer 
was extracted two times with 10 mL ether.  The combined organic layers were dried over 
MgSO4, filtered, and concentrated in vacuo.  Residual solvent was removed by high vac.  Yield: 
clear, colorless oil. 75% conversion by 1H NMR, yield not determined. 
 
1H NMR: 
In CDCl3: δ 7.077 (m, 4H), δ 2.549 (t, 2H), δ 2.306 (s, 3H), δ  1.572 (quint, 2H), δ  1.420 (quint, 
2H), δ  1.323 (m, 2H), δ 0.769 (t, 2H). 
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Boronic acid 2.31:  
 
Procedure: 
A 65 mL round bottom flask was charged with a stir bar, 264.3 mg of pinacol ester 2.31 (3.1 
mmol, 1.0 equiv), 2.5 mL THF, and 3 mL water.  This mixture was stirred to dissolve pinacol 
ester.  The flask was then placed in an ice/water bath up to the neck of the flask, stirring 
continued (stirring ensures the water in the reaction does not freeze) open to air.  To the flask was 
added 5.6 g sodium periodate (15.6 mmol, 5.0 equiv.).  Reaction continued to stir for 10 minutes 
at 0 °C.  6.2 mL 1N HCl was then added by syringe, by slowly streaming the HCl down the 
interior of the iced flask (such that it was sufficiently chilled by the time it reached the reaction 
mixture) over 5-10 minutes.  The reaction stirred at 0 °C for 1.5 h.  The ice bath was removed, 
and the mixture was allowed to warm to room temperature with stirring for 5.5 h.  The mixture 
turns yellow when the reaction is complete.  The mixture was transferred to a separatory funnel 
containing 70 mL water and 150 mL diethyl ether, shaken, and separated.  The aqueous layer was 
extracted 3 times with 150 mL ether.  The combined organics were then washed (carefully!) with 
50 mL saturated Na2S2O5 (IMPORTANT SAFETY NOTE: do NOT add this layer to the 
previously collected aqueous layer, as a very exothermic reduction of the periodate will occur 
and very hot gaseous plumes of I2 will be generated).  The combined organic layers were dried 
over MgSO4, filtered, and concentrated in vacuo.  Residual solvent was removed by high vac.  
Yield: white powder. 280.0 mg, 69%. 
 
1H NMR: 
Spectrum contains mixture of boronic acid and boroxine, approx. equal amounts. 
In d6-acetone : δ 7.076 (m, 4H), δ 2.53 (t, 2H), δ 2.275 (s, 3H), δ  1.797 (m, 2H), δ  1.589 (m, 
2H), δ  1.444 (m, 2H), δ  0.720 (t, 2H). 
 
MIDA boronate 2.2:  
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Procedure: 
A flame-dried 40 mL i-chem vial equipped with a PTFE-coated magnetic stir bar was charged 
with boronic acid 2.31 (907.7 mg, 4.4 mmol, 1 equiv., crude from prev. reaction) and 2.8 g 
MIDA anhydride (22.0 mmol, 5 equiv.).  The vial was capped with a PTFE-lined septum cap, 
evacuated and backfilled with argon three times.  To this vial was added 22 mL dry THF through 
syringe. The vial was lowered into a pre-heated 70 °C aluminum heat block, where the reaction 
stirred for 24 h.  The vial was then removed from the heating source and allowed to cool to room 
temperature.  The solution was transferred to a separatory funnel with 20 mL diethyl ether 
followed by 30 mL deionized water.  The phases were separated and the aqueous layer is 
extracted four times with 30 mL 1:1 diethyl ether:THF.  The combined organics were washed 
with 50 mL saturated NaCl, dried over magnesium sulfate, and concentrated in vacuo to yield a 
white solid. Yield, 788.6 mg off-white powder, yield not determined, not purified. 
 
1H NMR: 
In d6-acetone : δ 7.080 (m, 4H), δ 4.152 (d, 2H), δ 4.022 (d, 2H), δ  3.083 (s, 3H), δ  2.566 (t, 
3H), δ  2.276 (s, 3H), δ  1.610 (m, 2H), δ  1.393 (m, 4H), δ  0.630 (t, 2H). 
HRMS: 
EI+ Calculated: 317.17984, Found: 317.18019 
TLC: 
Eluent 4:1 Et2O:MeCN, Rf= 0.43, vis=KMnO4 
 
MIDA Boronate 2.9: 
 
Procedure: 
MIDA boronate 2.9 was prepared according to literature procedure as reported by Ballmer et. 
al.2 Yield not determined because some material was physically lost to a spill.  Purified by colum 
chromatography : (Et2O  25% MeCN in Et2O) 
 
1H NMR: 
In d6-acetone : δ 5.840 (m, 1H), δ 5.015-4.894 (m, 2H), δ 4.166 (d, 2H), δ  4.039 (d, 2H), δ  
3.093 (s, 3H), δ  2.105 (m, int. obscured by solvent), δ 1.495-1.431 (m, 2H), δ 0.650 (t, 2H), 
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TLC: 
Eluent 4:1 Et2O:MeCN, Rf= 0.38, vis=KMnO4 
 
MIDA boronate 2.11 
 
Procedure: 
A flame-dried 40 mL I-chem vial equipped with a PTFE-coated magnetic stir bar was charged 
with pentyl boronic acid (500.0 mg, 1 mmol, 1 equiv., CAS: 4737-50-2) and 645.5 mg MIDA 
anhydride (5 mmol, 5 equiv.).  The vial was capped with a PTFE-lined septum cap, evacuated 
and backfilled with argon three times.  To this vial was added 20 mL dry THF through syringe. 
The vial was lowered into a pre-heated 70 °C aluminum heat block, where the reaction stirred for 
20 h.  The vial was then removed from the heating source and allowed to cool to room 
temperature.  The solution was transferred to a separatory funnel with 20 mL diethyl ether 
followed by 20 mL deionized water.  The phases are separated and the aqueous layer wass 
extracted four times with 20 mL EtOAc.  The combined organics are washed with 10 mL 
saturated NaCl, dried over magnesium sulfate, and concentrated in vacuo to yield a white solid.  
800 mg, 82%. 
 
1H NMR: 
In d6-acetone : δ 4.159 (d, 2H), δ 4.029 (d, 2H), δ 3.090 (s, 3H), δ  1.355-1.312 (m, 6H), δ  0.901 
(t, 3H), δ  .0626 (t, 2H). 
HRMS: 
ES+ Calculated 228.1403, Found: 228.1407   
TLC: 
Eluent 4:1 Et2O:MeCN, Rf= 0.38, vis=KMnO4 
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SI 2-2 SYNTHESIS OF OTHER BUILDING BLOCKS AND SUBSTRATES 
 
Primary iodide 2.15 
I MeMe
2.15
HO MeMe
 
Procedure: 
A 250 mL round bottom flask was flame dried, equipped with stir bar, charged with 3.9g 
triphenyl phosphine (13.2 mmol, 1.1 equiv.), sealed with a septum, and placed under nitrogen 
atmosphere.  40 mL DCM added via syringe, solution cooled to 0 °C.  3.35 g I2 added (13.2 
mmol, 1.1 equiv.), reaction turned bright yellow, stirred 5 min at 0 °C.  Next, 898.6 mg imidazole 
added (13.2 mmol, 1.1 equiv.), followed by 2 g (−)-nopol (1.9 mL, 12 mmol, 1.0 equiv., CAS: 
35836-73-8) added via syringe.  Reaction stirred at 0 °C for 1 hour.  Reaction was removed from 
ice bath, stirred warming to room temperature for 6 hours.  Solvent removed in vacuo (iced 
rotovap bath).  Purified by column chromatography (hexanes  4:1 hexanes:EtOAc).  Yield, 
2.272g, clear, colorless oil, 69%. 
 
1H NMR: 
In CDCl3 : δ 5.318 (m, 1H), δ 3.169-3.129 (m, 2H), δ 2.556 (t, 2H), δ  2.404-2.365 (m, 1H), δ  
2.291-2.153 (q, 2H), δ  2.097 (m, 1H), δ  2.008 (t, 1H), δ  1.285 (s, 3H), δ  0.849 (s, 3H). 
 
TLC: 
Eluent: 4:1 hexanes:EtOAc, Rf= 0.37, vis = blue by p-anisaldehyde stain. 
 
Pinacol boronic ester 2.32 
 
Procedure: 
A 40 mL I-chem vial was flame dried vial was equipped with a stir bar, sealed with a septum cap, 
and placed under argon.  To the vial was added 7.15 mL freshly distilled allyl bromide (10g, 82.6 
mmol, 1.0 equiv.) and 12.6 ml pinacolborane (4,4,5,5-tetramethyl-1,3,2-dioxaborolane, CAS: 
25015-63-8, 86.7 mmol, 1.05 equiv.) via syringe.  The neat reaction was lowered into a preheated 
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125 °C aluminum heat block.  The reaction stirred at 125 °C for 36 h.  After 36 h, the reaction 
cooled to room temperature and diluted with 50 mL diethyl ether.  Water added dropwise with 
stirring until bubbling stopped to quench any remaining pinacolborane.  Aqueous layer extracted 
two times with 50 mL ether.  Combined organics dried over calcium chloride and magnesium 
sulfate.  Filtered, and concentrated in vacuo.  Yield: 17.0g clear brown oil, 83%. 
 
1H NMR: 
In CDCl3 : δ 3.419 (3, 2H), δ 1.964 (quint, 2H), δ 1.242 (m, 12H), δ  0.922 (t, 2H). 
 
Notes: 
Allyl bromide is volatile and extremely toxic, be careful.  Distill prior to use. 
 
Bromopropyl boronic acid 2.35 
 
Procedure: 
A 100 mL round bottom flask was equipped with stir bar and charged with 2.0 g pinacol boronic 
ester 2.32 (crude from prev. reaction, 8 mmol, 1.0 equiv.).  10 mL THF and 8 mL water added, 
followed by 14.3 g sodium periodate (40 mmol, 5 equiv.).  Reaction was placed in ice/water bath 
up to the neck, cooled to 0 °C.  16 mL 1N HCl was then added by syringe, by slowly streaming 
the HCl down the interior of the iced flask (such that it was sufficiently chilled by the time it 
reached the reaction mixture) over 5-10 minutes.  The reaction stirred at 0 °C for 1 h.  The ice 
bath was removed, and the mixture was allowed to warm to room temperature with stirring for 5 
h.  The mixture turns yellow when the reaction is complete.  The mixture was transferred to a 
separatory funnel containing 20 mL diethyl ether, shaken, and separated.  The aqueous layer was 
extracted 3 times with 20 mL ether.  The combined organics were then washed (carefully!) with 
40 mL saturated Na2S2O5 (IMPORTANT SAFETY NOTE: do NOT add this layer to the 
previously collected aqueous layer, as a very exothermic reduction of the periodate will occur 
and very hot gaseous plumes of I2 will be generated).  The combined organic layers were dried 
over MgSO4, filtered, and concentrated in vacuo.  Residual solvent was removed by high vac.  
Yield: brown, oily solid. 0.9 g, 67%.  Not characterized, carried crude. 
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MIDA boronate 2.34 
 
Procedure: 
A 65 mL round bottom flask was equipped with stir bar and charged with 900 mg boronic acid 
2.33 (crude from previous reaction, 5.4 mmol, 1.0 equiv.).  To this was added 3.5 g MIDA 
anhydride (27 mmol, 5  equiv.) and 30 mL THF.  The flask was fitted with a reflux condenser and 
lowered into an 85 °C oil bath.  The reaction stirred, refluxing, for 20 h.  The reaction was 
removed from heat and allowed to cool to room temperature.  The reaction mixture was 
transferred to a separatory funnel containing 20 mL water and 30 mL diethyl ether.  The sep 
funnel was shaken and the layers separated.  The aqueous layer was then extracted 4 times with 
50 mL 1:1 THF:diethyl ether.  The combined organic layers were washed with 10 mL brine, 
dried over magnesium sulfate, filtered and concentrated.  Yield: 0.9g off-white solid, 60% (crude 
to crude). 
 
Notes: 
This compound can be stored for long periods of time with no apparent decomposition.  This 
material can be purified by column chromatography (Et2O  25% MeCN in Et2O) or 
precipitation (dissolve in minimum amount of acetone, slowly layer Et2O on top until no more 
precipitation is noted, cap and store in fridge for 1h, collect crystals). 
 
1H NMR: 
In d6-acetone : δ 4.218 (d, 2H), δ 4.097 (d, 2H), δ 3.531 (t, 3H), δ  3.147 (s, 3H), δ  1.938 (m, 
2H), δ  0.793 (t, 2H). 
 
Iodopropyl MIDA boronate 2.17 
 
Procedure: 
A 65 mL round bottom flask was equipped with a stir bar and charged with 0.9 g of bromopropyl 
MIDA boronate 2.34 (crude from previous reaction, 3.2 mmol, 1.0 eq).  26 mL acetone added, 
followed by 777.2 mg sodium iodide (5.2 mmol, 1.6 equiv.).  Flask capped with yellow cap-plug, 
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stirred 18h at room temperature.  Reaction mixture filtered over Celite and concentrated to yield 
a brown solid.  Solid taken up in 50 mL 4:1 EtOAc:acetone and stirred over 25 mL concentrated 
Na2S2O5 for 1.5h at room temperature.  Layers separated, organic layer dried over magnesium 
sulfate, filtered and concentrated.  Yield off-white solid.80 % 
 
Notes: 
This material can be purified by column chromatography ((Et2O  25% MeCN in Et2O) or 
precipitation (dissolve in minimum amount of acetone, slowly layer Et2O on top until no more 
precipitation is noted, cap and store in fridge for 1h, collect crystals). 
 
1H NMR: 
In d6-acetone : δ 4.200 (d, 2H), δ 4.086 (d, 2H), δ 3.318 (t, 2H), δ 3.132 (s, 3H), δ  1.899 (m, 2H), 
δ  0.756 (t, 2H). 
TLC: 
Eluent 4:1 Et2O:MeCN, Rf= 0.35, vis=KMnO4 
 
 
Chloromethyl boronic acid 2.35 
 
Procedure: 
A 3-necked 1L round bottom flask was equipped with a stir bar, septum, and pressure-equalizing 
addition funnel, and attached to an argon/vacuum line.  The entire apparatus was flame dried 
under vacuum.  To flask was added 150 mL THF, 9.74 mL chloro-bromo-methane (150 mmol, 
1.04 equiv), and 16.1 mL trimethylborate (144.2 mmol, 1.0 equiv.).  The mixture was cooled to -
78 °C.  92 mL n-BuLi was added via cannula to the addition funnel.  The n-BuLi solution was 
added dropwise with stirring to the -78 °C solution over 2.5 h.  The IPA/CO2 bath was removed, 
and the reaction was allowed to warm to room temperature overnight.  To generate the boronic 
acid, 2M HCl was added dropwise (approx. 150 mL) until pH 1 was achieved.  Mixture was 
transferred to a 2 L separatory funnel and the layers were separated.  The aqueous layer was 
extracted 3 times with 120 mL ether.  The combined organic layers were washed with 40 mL 
saturated NaCl, then this layer was back extracted twice with 70 mL ether.  The combined 
organics were dried over magnesium sulfate, filtered, and concentrated to yield white solid.  To 
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this white solid, 300 mL hexanes was added, and the mixture was stored in the freezer overnight.  
The very white powder was collected by filtration and placed under vacuum.  Yield: 4.1 g white 
powder, 29%. 
 
1H NMR: 
In d6-acetone : δ 7.217 (s, 2H), δ  2.973 (s, 2H). 
 
Chloromethyl MIDA  boronate 2.36 
 
Procedure: 
A flame-dried 20 mL I-chem vial was equipped with a stir bar and charged with chloromethyl 
boronic acid 2.35 (106.5 mg, 1.14 mmol, 1 eq) and MIDA anhydride (645.5 mg, 5 equiv).  Vial 
was capped with septum cap and back filled with argon.  5 mL THF added via syringe.  Vial was 
lowered into a 70 °C aluminum heat block.  Reaction stirred at 70 °C for 24 hours.  Vial removed 
from aluminum heat block, allowed to cool to room temperature.  The solution was transferred to 
a 125 mL separatory funnel with 5 mL diethyl ether followed with 15 mL deionized water.  The 
phase were separated and the aqueous layer was extracted twelve times with 15 mL 1:1 diethyl 
ether: THF.  The combined organics were washed with 30 mL saturated NaCl, dried over 
magnesium sulfate, filtered, and concentrated in vacuo.  Yield: 187.3 mg white solid, 80%. 
 
Notes: 
This compound is extremely hydrophilic and is difficult to extract from water. 
 
1H NMR: 
In d6-acetone : δ 4.321 (d, 2H), δ 4.141 (d, 2H), δ 3.299 (s, 3H), δ  3.069 (s, 2H). 
 
 
Iodomethyl MIDA  boronate 2.19 
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Procedure: 
A 250 mL round bottom flask was equipped with a stir bar and charged with 4.8 g of 
chloromethyl MIDA boronate 2.36 (23.4 mmol, 1.0 eq).  187 mL acetone added, followed by 5.6 
g sodium iodide (37.4 mmol, 1.6 equiv.).  Flask capped with yellow cap-plug, stirred 18h at room 
temperature.  Reaction mixture filtered over Celite and concentrated to yield a brown solid.  
Solid taken up in 500 mL 4:1 EtOAc:acetone and stirred over 250 mL concentrated Na2S2O5 for 
1.5h at room temperature.  Layers separated, organic layer dried over magnesium sulfate, filtered 
and concentrated.  Yield 6g off-white solid, 86% 
 
Notes: 
This material can be purified by column chromatography ((Et2O  50% MeCN in Et2O) or 
precipitation (dissolve in minimum amount of acetone, slowly layer Et2O on top until no more 
precipitation is noted, cap and store in fridge for 1h, collect crystals). 
 
1H NMR: 
In d6-acetone : δ 4.342 (d, 2H), δ 4.162 (d, 2H), δ 3.308 (s, 3H), δ  3.071 (s, 2H). 
 
 
SI 2-3 Csp3-Csp2 SM CROSS COUPLINGS 
 
General notes on the process of setting up large, multidimensional screens: 
 
-If the analysis technique is high-throughput, it is worth the time to set up the screens in 
duplicate to assure reproducibility 
-Recognize that most variables in the SM reaction are inextricably linked, always run controls. 
-How to set up a large screen: 
 1.  Identify a question and generate a hypothesis. 
 2.  Identify the variables and control (ex: equivalents of base vs. identity of base) 
 3.  Determine the reactions you will run (ex.  You are currently using 2 eq. of base X, but 
you think bases A, B, or C might be better, or that increasing equivalents of base to 3 may be 
better). 
 4.  Outline and number your reactions. 
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Reaction 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Base X X X X A A A A B B B B C C C C 
Equiv. of 
Base 
1 2 3 5 1 2 3 5 1 2 3 5 1 2 3 5 
 
In this example, Reaction 2 is the control.   The equivalents of bases A, B, and C are also being 
studied so those results can be compared directly to the results from base X.   Base equivalents of 
1 and 5 are also included to try and determine a trend. 
 5.  Set up 20 vials and stir bars (use always include more than you need so you don’t have 
to go outside the box again) 
 6.  Once in the box, prepare enough of each solution (halide, boronic acid, etc.) for 20 
reactions (It is best to prepare for 1.25 times the amount you need.  At the minimum, always 
have 2 extra reactions worth). 
 7.  Set up reactions, run reactions. 
 8.  Analysis: treating this like an assembly line is the most efficient.  Filter, elute, rotovap.  
Move to the next sample:  Filter, elute, rotovap, etc. 
 
Palladium Catalyzed SM reactions 
 
Large, multidimensional screens were the most effective method of determining reactivity in this 
system.  NMR standards were synthesized for the following reaction (see above for syntheses): 
 
 
Scheme 2.34 
 
General procedure for palladium screens: 
 
A series of 1.5 mL vials was flame dried and equipped with stir bars and brought into a glove 
box under argon atmosphere.  Solid bases were massed into each vial individually.  Stock 
solutions of the palladium, ligand, boronic acid, and halide were created.  The ligand solution 
was added to the palladium solution and the mixture stirred in the glove box for ten minutes.  
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Using an automatic delivery pipette, the reaction components were added in the following order 
to each vial: solvent, boronic acid solution, halide solution, catalyst solution.  The vials were 
capped with solid PTFE-lined caps and removed from the glove box.  The reactions were placed 
in preheated aluminum blocks, and stirred at their respective temperatures for the respective 
time.  The vials were removed from the aluminum block and cooled to room temperature.  Each 
reaction mixture was passed through a pipette “column” containing glass wool, topped with 
silica gel, topped with Celite.  The reaction mixture was eluted twice with 1-2 mL acetonitrile.  
The resulting solutions were concentrated in vacuo and the resulting films were analyzed by 1H 
NMR. 
 
Analysis: 
The conversion was based on the halide and was measured by comparing the relative integrations 
of the following peaks:   
-δ 3.504 (t, 2H) of 2.1, the starting bromide 
-δ 2.556 (t, 2H) of 2.2, the desired product 
-δ 5.015-4.894 (m, 2H) of 2.9, the BHE product 
These resonances were chosen due to the fact that they were usually not obscured by other 
signals.   
 
Notes: 
-A more high-throughput analysis technique than 1H NMR would be best.  However, at the time, 
a GC technique for GC analysis of MIDA boronates had not been developed. 
- It is important to wash the stir bars between each use in a transition metal catalyzed reaction 
with aqua regia, or barring this, nitric acid. 
- If the reaction mixture clogs on the pipette column, compressed air from the line will help push 
it through. 
 
Nickel Catalyzed SM reactions 
 
 
Scheme 2.35 
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General procedure for nickel screens: 
 
A series of 1.5 mL vials was flame dried and equipped with stir bars and brought into a glove 
box under argon atmosphere.  Solid bases were massed into each vial individually.  Stock 
solutions of the nickel source, ligand, boronic acid, and halide were created.  Using an automatic 
delivery pipette, the reaction components were added in the following order to each vial: solvent, 
ligand solution, boronic acid solution, halide solution, nickel solution.  The vials were capped 
with solid PTFE-lined caps and removed from the glove box.  The reactions were placed in 
preheated aluminum blocks, and stirred at their respective temperatures for the respective time.  
The vials were removed from the aluminum block and cooled to room temperature.  Each 
reaction mixture was passed through a pipette “column” containing glass wool, topped with 
silica gel, topped with Celite.  The reaction mixture was eluted twice with 1-2 mL acetonitrile.  
The resulting solutions were concentrated in vacuo and the resulting films were analyzed by 1H 
NMR. 
 
Analysis: 
The conversion was based on the halide and was measured by comparing the relative integrations 
of the following peaks:   
-δ 3.292 (t, 2H) of 2.11, the starting iodide (or δ 3.504 (t, 2H) of 2.1, the starting bromide,  
depending on which was used) 
-δ 2.556 (t, 2H) of 2.2, the desired product 
- δ 0.886 (t, 3H) of 2.11, the protodehalogenated by product 
-δ 5.015-4.894 (m, 2H) of 2.9, the BHE product 
 
These resonances were chosen due to the fact that they were usually not obscured by other 
signals.   
 
Notes: 
-A more high-throughput analysis technique than 1H NMR would be best.  However, at the time, 
a GC technique for GC analysis of MIDA boronates had not been developed. 
- It is important to wash the stir bars between each use in a transition metal catalyzed reaction 
65 
 
with aqua regia, or barring this, nitric acid. 
- If the reaction mixture clogs on the pipette column, compressed air from the line will help push 
it through. 
- Residual nickel will broaden 1H NMR signals, be sure to perform the filtration step. 
- The free COD ligand had a very distinct and pungent smell.  Be sure to perform all of these 
operations in the hood. 
- Ni(COD)2 is highly toxic, please be careful. 
 
General procedure for nickel catalyzed cross coupling reactions: 
A 7 mL vial was flame-dried, equipped with a stir bar, and brought into the glove box.  In the the 
vial was massed 0.15 equiv. Ni(COD)2 (Bis(1,5-cyclooctadiene)nickel (0), CAS: 1295-35-8), 
0.30 equiv. dtbpy (4,4′-di-tert-butyl-2,2′-dipyridyl, CAS: 72914-19-3), 1.2 equiv. of boronic 
acid, 1.0 equiv. of primary iodide, and 3.0 equiv. Cs2CO3.  To the vial was added THF such that 
the concentration of the halide was 0.1M.  The vial was capped with a solid PTFE-lined cap and 
removed from the glove box.  Reaction was placed in pre-heated 60 °C aluminum heat block and 
stirred at 60 °C for 24 h.  The reaction was removed from heat and allowed to cool to room 
temperature.  The reaction mixture was filtered over a thin pad of silica gel and Celite in a small, 
coarse-fritted filter and eluted with 5 times the reaction volume with acetonitrile.  The mixture 
was concentrated in vacuo and purified by column chromatography. 
MIDA boronate 2.12 
 
Procedure: 
MIDA boronate 2.11 was prepared according to the general procedure for nickel catalyzed cross 
coupling reactions (5 mmol iodide 2.10, 6 mmol 3-methoxy-phenylboronic acid, CAS: 10365-98-
7).  This reaction was run in a flame-dried 100 mL round bottom flask which was heated in an oil 
bath. After filtration, the crude reaction mixture was 2.8123g.  This mixture was separated into 
ten batches.  The mass of the batch in the following purification was 287.5 mg, or 10.22 % of the 
original crude mass.  The theoretical yield of the reaction is 5 mmol, or 1.666 grams of 2.12, 
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based on halide.  Therefore, the theoretical yield of this batch is 10.22% of 1.666 grams, or 
170.3 mg.   
 
Purification was as follows: The crude 1H NMR showed desired product 2.12, byproduct 2.11, 
and residual boronic acid.  First, the reaction mixture was purified by normal phase column 
chromatography: (adsorbed onto Celite; Et2O  25% MeCN in Et2O, see general reaction 
procedures).  This removed the excess boronic acid and some of the residual nickel from the 
reaction mixture.  The resulting mixture was then adsorbed onto Celite and purified by C18 
reverse-phased chromatography on the MPLC (see general reaction procedures) with a solvent 
gradient 10% MeCN in water  40% MeCN in water (See the file “100715@08-57-1” saved 
under the common user on the MPLC).  The fractions were quickly analyzed by TLC and the 
fractions which contained product (fractions 31-39) were pooled.  These fractions were extracted 
3 times with 500 mL EtOAc, dried over magnesium sulfate, and concentrated to yield a white 
solid.  110.9 mg, 65% yield. 
 
Notes: 
-It is necessary to pool and extract the fractions in this reaction because the MIDA boronate 
decomposes when concentrated in water (even without heat). 
-The separation is extremely difficult by normal phase chromatography, thus reverse phase is 
necessary (see TLC data below, and in JAK.247D.VIII-112, and JAK.247C.VII-110) 
 
1H NMR: 
In d6-acetone : δ 7.174 (t, 1H), δ 6.783 (m, 3H), δ 4.152 (d, 2H), δ 4.023 (d, 2H), δ 3.776 (s, 3H), 
δ  3.084 (s, 3H), δ  2.588 (t, 2H), δ  1.634 (quint, 2H), δ 1.404 (m, 4H), δ 0.636 (t, 2H), 
 
 
Terminal olefin 2.14 
 
Procedure: 
Terminal olefin 2.14 was prepared according to the general procedure for nickel catalyzed cross 
coupling reactions (1 mmol 5-iodo-1-pentene CAS: 7766-48-5 ,and 1.2 mmol 3-methoxy-
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phenylboronic acid, CAS: 10365-98-7).  Purified by column chromatography (hexanes9:1 
hexanes:Et2O).  Yield 94.3 mg clear, off-white film, 54%. 
 
1H NMR: 
In CDCl3 : δ 7.199 (m, 1H), δ 6.788-6.727 (m, 3H), δ 5.844 (m, 1H), δ  5.049-4.966 (m, 2H), δ  
3.801 (s, 3H), δ  2.605 (t, 2H), δ  2.106 (q, 2H), δ  1.722 (quint, 2H). 
TLC: 
Eluent: 19:1 hexanes:Et2O, Rf=0.46, vis=UV/KMnO4 
 
 
Coupling product 2.16 
 
Procedure: 
Coupling produte 2.16 was prepared according to the general procedure for nickel catalyzed 
cross coupling reactions (0.25 mmol iodide 2.15, and 0 .3 mmol p-tolylboronic acid, CAS: 5720-
05-8). Purified by column chromatography 
 
1H NMR: 
In d6-acetone : δ 7.092 (m, 4H), δ 5.252 (m, 1H), δ 2.894 (m, 2H), δ  2.622 (m, 2H), δ  2.400 (m, 
1H), δ  2.276 (s, 3H), δ 2.225 (m, 2H), δ 2.061 (m, 2H), δ 1.300 (s, 3H), δ 1.162 (d, 1H), δ 0.862 
(s, 3H), 
 
MIDA boronate 2.18 
 
 
Procedure 
MIDA boronate 2.18 was prepared according to the general procedure for nickel catalyzed cross 
coupling reactions (0.25 mmol iodide 2.17, and 0 .3 mmol p-tolylboronic acid, CAS: 5720-05-8). 
Purified by column chromatography: (Et2O1:5 MeCN:Et2O), then by C18 reversed phase 
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chromatography on MPLC (see general reaction procedures).  Fractions containing product were 
pooled and extracted 3 times with an equal amount of EtOAc.  Yield 38.9 mg white solid, 55%. 
 
1H NMR: 
In d6-acetone : δ 7.086 (m, 4H), δ 4.164 (d, 2H), δ 4.038 (d, 2H), δ 3.081 (s, 3H), δ  2.606 (t, 2H), 
δ  1.667 (m, 2H), δ  0.667 (t, 2H).  
 
Synthesis of Terpenoid Building Blocks 
 
MIDA boronate 2.23 
 
Procedure: 
A 500 mL round bottom flask was flame dried and brought inside glove box.  Inside glove box, 
2.5g halide 2.22 (9.06 mmol, 1.0 equiv.) was added, followed by 445.2 mg PdCl2(PPh3)2 (0.63 
mmol, .07 equiv.).  Flask capped with septum cap and removed from glove box.  Through 
septum, 27 mL DMF and 9 mL THF were added, followed by 3.2 mL tributyl(vinyl)stannane 
(3.47g, 10.9 mmol, 1.2 equiv., CAS : 7486-35-3).  Nitrogen line was applied through septum, 
reaction lowered into pre-heated 60 °C oil bath.  Stirred at 60 °C for 24 h.  Allowed to cool to 
room temperature.  Reaction mixture poured into a seperatory funnel containing 200 mL 1:1 
brine:water and 125 mL EtOAc, shaken, separated.  Organic layer washed twice with 50 mL 1:1 
brine:water.  Organic layer dried over magnesium sulfate, filtered, and concentrated in vacuo.  
Crude brown oil adsorbed onto Celite and placed on high vac overnight to remove DMF.  
Purified by column chromatography (Et2O1:4 MeCN:Et2O) and recrystallization.  Yield: 1.7g 
white solid, 84%. 
 
Notes: 
Stannanes are extremely toxic and the utmost care should be taken to avoid contact.  Glassware 
should be bleached after stannes have been used.  Speak to someone experienced before using 
stannanes. 
 
This material can be purified by column chromatography (Et2O  25% MeCN in Et2O) or 
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precipitation (dissolve in minimum amount of acetone, slowly layer Et2O on top until no more 
precipitation is noted, cap and store in fridge for 1h, collect crystals). 
 
1H NMR: 
In d6-acetone : δ 6.823-6.747 (m, 1H), δ 6.41 (d, 1H), δ 5.26-5.147 (m, 2H), δ 4.225 (d, 2H), δ  
4.086 (d, 2H), δ  2.988 (s, 3H), δ  1.798 (s, 3H).  
  
TLC 
Eluent: 4:1 Et2O:MeCN, Rf=0.39, vis=KMnO4 
 
 
Vinyl iodide 2.27 
 
Procedure: 
ALL WITH DIMMED LIGHTS: A 50 mL Schlenk flask was flame-dried, equipped with stir bar 
and brought inside the glove box.  Inside the glove box, 1.3154 g of ZrCp2Cl2 (4.5 mmol, 1.5 
equiv., bis(cyclopentadienyl)-zirconium dichloride CAS: 1291-32-3) was massed into flask.  
Flask was topped with septum and removed from box.  Placed under positive nitrogen flow, 7.5 
mL THF added via syringe, solution cooled to 0 °C.  4.5 mL diisobutylaluminumhydride (1 M in 
hexanes, 4.5 mmol, 1.5 equiv., CAS: 1191-15-7) was added dropwise.  Reaction stirred at 0 °C 
for 30 min.  595.1 mg protected alkynyl alcohol 2.26 (3.0 mmol, 1.0 equiv., CAS: 104066-69-5) 
was added dropwise as a solution in 4.5 mL THF to the 0 °C solution.  Ice/water bath removed, 
reaction allowed to warm to room temperature over 3 h (was white slurry).  Cooled to -78 °C, 
989.9 mg I2 (3.4 mmol, 1.3 equiv.) was added dropwise as a solution in 2.5 mL THF.  Reaction 
stirred 45 min at -78 °C.  4.5 mL saturated aqueous Rochelle’s salt added and bath removed.  
Reaction warmed to room temperature overnight.  Reaction mixture transferred to a separatory 
funnel, phases separated.  Aqueous layer extracted twice with 10 mL Et2O.  Combined organic 
layers washed with 10 mL saturated Na2S2O5, and 10 mL brine.  Purified by column 
chromatography : hexanes  10:1 hexanes:EtOAc (slow gradient).  Yield: 156.0 mg pale yellow 
oil, 85% pure (greater than 100%).  Not optimized procedure. 
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Notes: 
Vinyl iodides, including this one, are light sensitive. 
 
1H NMR: 
In CDCl3 : δ 6.324 (q, 1H), δ 3.709 (t, 2H), δ 2.639 (t, 3H), δ 1.661 (d, 3H), δ  0.892 (s, 9H), δ  
0.075 (s, 6H).  
TLC 
Eluent: 19:1 hexanes:EtOAc, Rf=0.73, vis=UV at high concentrations, yellow by p-
anisaldehyde. 
 
 
MIDA boronate 2.29 
 
 
Procedure: 
Note: This reaction was an adaptation of ‘the hot protocol’ for very small scale and should 
ABSOLUTELY NOT BE RUN AS WRITTEN on a larger scale. This reaction has been run one 
time. The ‘hot protocol’ procedure can be found in the 2010 Org. Lett., by Dick, G. et. al.46 
A 5 mL Schlenk flask was flame dried, and 156.5 mg of vinyl iodide 2.27 (approx. 0.48 mmol, 
1.0 equiv., 85% pure) was added as a solution to this flask, concentrated, and azeotroped with 
DCM.  Dry solid placed under N2, 1 mL THF added through septum, followed by 109.4 μL 
triisopropylborate (0.474 mmol, 0.988 equiv.).  Solution was cooled to -78 °C.  To this mixture 
was added 222.7 μL n-BuLi (0.5568 mmol, 1.16 equiv., 2.5M in hexanes) dropwise.  Reaction 
stirred at -78 °C for 1 h, then warmed to room temperature 45 min.  The reaction mixture was 
taken up in a syringe and added dropwise over 15 minutes to the following: 120.1 mg MIDA (1.7 
eq, 0.816 mmol) in 1 mL DMSO which was stirring in a two necked 10 mL flask under positive 
N2 pressure at 137 °C (the flask containing MIDA and DMSO had nitrogen flowing in one neck 
and was open at the other neck, positive nitirogen flow kept the system air free, and the solution 
was added dropwise in through the open neck.  The THF distilled out of the solution into the 
hood immediately, which is why this reaction should not be run as written on a large or even 
medium scale).    The reaction stirred at 137 °C after the addition for 15 minutes, then allowed 
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to cool to room temperature.  Much of the DMSO had distilled off as well, leaving an orange-
yellow paste.  The paste was transferred to a 30 mL separatory funnel with acetone and brine.  
The aqueous layer was extracted 3 times with 5 mL EtOAc, and the combined organics were 
washed twice with 5 mL brine.  The organic layer was dried over magnesium sulfate, filtered, 
and concentrated to yield a brown/yellow oil.  This oil was adsorbed onto Celite and purified by 
column chromatography (Et2O  25% MeCN in Et2O).  Concentration of fractions 6-15 gave 
the MIDA boronate deprotected alcohol 2.29.  18.2 mg, 16%. 
 
1H NMR: 
In d6-acetone : δ 5.892 (t, 1H), δ 4.172 (d, 2H), δ 4.025 (d, 2H), δ 3.589 (m, 2H), δ  2.967 (s, 3H), 
δ  2.838 (s, 3H), δ  2.354 (q, 2H). 
TLC: 
Eluent: 3:1 Et2O:MeCN, Rf=.33, vis=KMnO4. 
 
MIDA Boronate 2.2 
 
 
 
Procedure: 
A 10 mL Schlenk flask was flame-dried, equipped with stir bar, charged with 23.9 mg triphenyl 
phosphine (0.0817 mmol, 1.1 equiv) and placed under N2.  371.5 μL DCM added through 
septum, cooled to 0 °C.  20.7 mg I2 (0.0817 mmol, 1.1 equiv.) and 5.6 mg imidazole (0.0817 
mmol, 1.1 equiv.) added as solids against positive nitrogen flow.  17.9 mg of MIDA boronate 
2.29 added as a solution in 1 mL THF (not soluble in DCM).  Allowed to warm to room 
temperature overnight. Concentrated, purified by column chromatography (Et2O  25% MeCN 
in Et2O 
 
1H NMR: 
In d6-acetone : δ 5.782 (t, 1H), δ 4.210 (d, 2H), δ 4.043 (d, 2H), δ 3.326 (t, 2H), δ  3.020 (s, 3H), 
δ  2.752 (q, 2H), δ  1.667 (s, 3H).  
LRMS: 
ES+ Calculated: 350.9459, Found m+1 = 351.9 
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CHAPTER 3 
A METHOD FOR THE COMPLEXATION OF BORONIC ACIDS FOR THE 
SYNTHESIS OF MIDA BORONATES 
 
The traditional method for the synthesis of MIDA boronates involves the complexation of 
the corresponding boronic acids with MIDA under Dean-Stark conditions.  However, this 
method is not effective for all boronic acids, as some are very sensitive to acid and high 
temperatures.  As a result, we sought to lower the reaction temperature, remove the acid, 
and avoid the highly polar solvent DMSO.  In this vein, we discovered that a simple 
dehydration of MIDA gives MIDA anhydride a non-acidic, colorless, crystalline solid 
Across several classes of boronic acids, refluxing MIDA anhydride and a boronic acid 
gives the corresponding MIDA boronate cleanly and without decomposition.   
 
 
 
Boronic acids undergo complexation with MIDA anhydride to give the corresponding MIDA boronate under 
milder conditions than the traditional complexation. 
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3-1 BACKGROUND: MIDA BORONATE SYNTHESIS 
 
The ICC synthesis strategy is based upon the concept of mono-protection of 
bifunctional building blocks.  As discussed in Chapter 1, our group has developed a method 
for the selective cross coupling of halo-boronic acids by masking the boronic acid as a 
MIDA boronate.  This renders the boron inactive under anhydrous cross-coupling 
conditions, allowing for selective coupling of a boronic acid or ester in the presence of a 
MIDA boronate.  The ability to synthesize MIDA boronates in a mild and high-yielding 
manner has therefore become a focus of our group.  We have reported the synthesis of 
boronic acids from the corresponding boronic acids (discussed below), pinacol esters,1 
Grignard reagents,2 and halides.3  However, given that there are over 3,000 commercially 
available boronic acids,4 the synthesis of MIDA boronates from the corresponding boronic 
acids is generally preferred. 
The synthesis of MIDA boronates from boronic acids was originally reported by 
Mancilla and coworkers in 1986. 5  The initial complexation involvd the addition of MIDA 
to phenyl boronic acid in a mixture of DMSO and benzene under dehydrating Dean-Stark 
conditions to give phenyl MIDA boronate in 77% yield.  This protocol was later optimized 
by Eric Gillis and Steve Ballmer, and with these optimized conditions a 94% of the desired 
product is achieved.6 
 
Scheme 3.1.  The complexation of boronic acids with MIDA was optimized by Eric Gillis and 
Steve Ballmer in 2009. 
 
While this Dean-Stark complexation is often very effective and high-yielding, there are a 
few notable limitations to this method.  Specifically, many boronic acids are thermally 
unstable and can decompose at elevated temperatures, which can significantly reduce the 
yield of the complexation.  In addition, the use of MIDA, a di-acid, necessarily renders the 
conditions acidic, precluding the complexation of acid sensitive substrates.  Finally, the 
removal of the high-boiling and very polar DMSO can be extremely challenging for 
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sensitive or polar substrates.  As was mentioned in Chapter 2, the use of this method for the 
complexation of 5-bromopentyl boronic acid resulted in very low yields (9-22%).  Thus, 
we sought to develop a new boronic acid complexation method which would be compatible 
with more sensitive substrates. 
 In the context of the synthesis of chloro-methyl MIDA boronate (Scheme 3.2), Eric 
Woerly used a reagent which was termed ‘MIDA anhydride’ (3.1) when the standard 
complexation of the corresponding boronic acid failed (Scheme 3.2).  This reagent was 
discovered by Eric Gillis in the course of his studies on the synthesis of MIDA boronates.   
 
Scheme 3.2.  Eric Gillis discovered the MIDA anhydride reagent, and Eric Woerly used it for the 
synthesis of chloromethyl MIDA boronate after standard complexation methods failed. 
 
This method of complexation was recommended to me by Eric Woerly as a possible 
alternative to the standard complexation for the synthesis of 5-bromopentyl MIDA 
boronate, 3.4.  The first complexation that was attempted with 5-bromopentyl boronic acid  
 
Scheme 3.3.  While the standard MIDA complexation continued to fail, the first attempt at 
complexation gave an approximate 70% yield of 3.4, unoptomized. 
 
and MIDA anhydride gave an approximate 70% yield (Scheme 3.3), and it became 
immediately clear that this was a very viable alternative to the standard complexation 
methods.  Thus, we set out to optimize the synthesis of this reagent, optimize the 
complexation protocol with this reagent, and explore the substrate scope. 
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3-2 MIDA ANHYDRIDE SYNTHESIS 
 
 MIDA anhydride and the synthesis thereof was reported for the first and only time 
in the literature in 1966 by Henry in the context of fundamental studies of heterocycle 
synthesis.7 In our labs, MIDA anhydride was originally synthesized in our group by Eric 
Gillis, but the reactivity of this reagent was not fully explored, and the reagent was believed 
to be a black liquid.8  After optimization of the original synthesis (including discovering 
that only a substoichiometric amount of pyridine is necessary) and extensive optimization 
of the purification procedure, the successful synthesis of 3.1 was developed, as shown in 
Scheme 3.4.  After extensive purification, I discovered that MIDA anhydride is actually a  
 
Scheme 3.4.  After optimization, the synthesis of MIDA anhydride is facile and gives a 70-85% 
yield of 3.1 as a colorless, crystalline solid. 
 
colorless crystalline solid. This synthesis is scalable, and in fact, is best run on 25 g scale. 
Distillation followed by a hot filtration and formal recrystallization gives the desired MIDA 
anhydride in 70-85% yield. 
 
3-3 MIDA ANHYDRIDE COMPLEXATION DEVELOPMENT 
 
 With a scalable synthesis of 3.1 in hand, we turned our attention to the development 
of a general method for complexation.  We largely studied the compelxation of tolyl 
boronic acid and 5-bromopentyl boronic acid, 3.3., as these compounds were easily 
accessible and belonged to two different classes of boronic acids.  We primarily judged 
conversion by TLC. 
 We began investigating the reaction in THF, because boronic acids 3.1, 3.2, and 
MIDA anhydride are all soluble in THF.  We began by examining the reaction time and 
temperature.  We found that for many boronic acids (including tolyl boronic acid) the 
reaction is slow and proceeds only at elevated temperatures.  After screening reaction 
temperatures and times, it appeared that 24 hours at 70 °C gave the highest conversion to 
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the desired product.  Boronic acid 3.3 was more reactive to this complexation, however, 
and had generally reached >90% conversion after 12 hours.  Later studies indicated that 
reaction time is largely dependent on the identity of the boronic acid.  We then investigated 
solvents, and found that of the solvents we surveyed (DMSO, DMF, DCM, toluene, 
acetonitrile, and THF), THF and acetonitrile gave equally high conversions.  THF is simple 
to remove and widely available in very dry form, so we chose to continue working with 
THF.  In an effort to increase conversion and speed the reaction, we investigated a series of 
additivies (acids, bases, and nucleophilic catalysts).  We saw no increase in the rate of the 
reaction with the sole exception of the addition of CSA.  However, as discussed above, we 
were interested in a pH neutral system that could be applied to acid sensitive substrates.  
Because of this, and because the rate increase we observed was not very great, we did not 
further pursue the use of of CSA as an additive.  Finally, we increased the equivalents of 
MIDA anhydride, and found that the conversion increased with up to five equivalents of 
the anhydride.  The reagent was easily accessible, so we settled on the addition of 5 
equivalents of MIDA anhydride relative to boronic acid (possible mechanistic reasons are 
discussed below).  With this method established, we next explored the substrate scope.  
Scheme 3.5 shows the range of boronic acids we investigated.  We discovered this method 
to be broadly useful for the complexation of alkyl, alkenyl, aryl, and heteroaryl substrates.  
 
3-4 MECHANISTIC DETAILS 
 
 While the mechanism of this reaction is not known and has not been studied 
extensively, however, we have performed a few experiments with mechanistic implications 
that are worth discussing.  There are a number of plausible mechanisms, two of which are 
outlined in Scheme 3.6 
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Scheme 3.5.  The MIDA anhydride compelxation method was successfully applied to alkyl, 
alkenyl, aryl, and heteroaryl substrates. 
 
 
 
Scheme 3.6.  A number of plausible mechanisms for compelxation can be proposed.  Pictured 
here, nucleophilic attack of the nitrogen of MIDA anhydride and subsequent intramolecular ring 
opening by the hydroxyl group of the boronate could give the MIDA boronate.  An alternate 
possibility begins with nucleophilic attack on the anhydride by the boronic acid. 
 
80 
 
These two mechanisms would be difficult to distinguish between experimentally, and it is 
possible that both are active.  Evidence for both mechanisms was observed in the context of 
optimization, but detailed mechanistic studies were not performed. 
 
3-5 SUMMARY 
 
 We have developed an alternative method for the synthesis of MIDA boronates 
from the corresponding boronic acid using the MIDA anhydride reagent.  This method has 
been shown to be successful with substrates that challenge the standard complexation 
method does not, and thus provides an alternate route for especially sensitive boronic acids.  
This method is operationally very simple, does not involve the removal of DMSO, and 
obviates the need for conditions of refluxing toluene. 
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3-6 EXPERIMENTAL INFORMATION 
 
GENERAL EXPERIMENTAL PROTOCOL 
 
Materials.  Commercial reagents were purchased from Sigma-Aldrich, Fisher Scientific, Alfa 
Aesar, Strem, TCI America Frontier Scientific, Oakwood Products or Combi-Blocks and were 
used without further purification unless otherwise noted. Solvents were purified via passage 
through packed columns as described by Pangborn and coworkers9 (THF, Et2O, CH3CN, CH2Cl2: 
dry neutral alumina; hexane, benzene, and toluene: dry neutral alumina and Q-5 reactant 
(copper(II) oxide on alumina); DMSO, DMF: activated molecular sieves). All water was 
deionized prior to use. Pyridine was freshly distilled under an atmosphere of nitrogen from CaH2. 
N-methyliminodiacetic acid10 was prepared according to procedures reported in the literature 
 
General Experimental Procedures.  Unless otherwise noted, all reactions were performed in 
flame-dried glassware under argon. Organic solutions were concentrated via rotary evaporation 
under reduced pressure with a bath temperature of 25-70 ºC. Reactions were monitored by 
analytical thin layer chromatography (TLC) performed using the indicated solvent on E. Merck 
silica gel 60 F254 plates (0.25mm). Compounds were visualized by: exposure to a UV lamp (λ = 
254 or 366 nm), incubation in a glass chamber containing iodine, and/or treatment with a 
solution of KMnO4, an acidic solution of p-anisaldehyde or a solution of ceric ammonium 
molybdate (CAM) followed by brief heating with a Varitemp heat gun. MIDA boronates are 
compatible with standard silica gel chromatography, including standard loading techniques. 
Column chromatography was performed using standard methods,11 C18 reversed-phase 
chromatography was performed on a Teledyne-Isco CombiFlash Rf purification system. Both 
methods were performed using Merck silica gel grade 9385 60 Å (230-400 mesh). For loading, 
compounds were adsorbed onto non acid-washed Celite 545 by suspension of the mixture in a 
suitable solvent (usually acetone), addition of Celite until dry, and evaporation of the solvent.  
After removal of the Celite-adsorbed material, this procedure was performed a second time to 
ensure complete transfer of residual material. 
 
Structural analysis.  1H-NMR spectra were recorded at 23 °C on a Varian Unity 400, a Varian 
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Unity 500, or a Unity Inova 500 MHz NB spectrometer. Chemical shifts (δ) are reported in parts 
per million (ppm) downfield from tetramethylsilane and referenced to residual protium in the 
NMR solvent (CHCl3, δ= 7.26; CD2HCN δ=1.93, center line; acetone-d6 δ= 2.06, center line). 
Alternatively, NMR-solvents designated as “w/ TMS” were referenced to tetramethylsilane (δ = 
0.00 ppm) added as an internal standard. Data are reported as follows: chemical shift, 
multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, quint = quintet, sept = septet, m = 
multiplet, br = broad, app = apparent), coupling constant (J) in Hertz (Hz), and integration.  13C 
NMR spectra were recorded at 23 °C on a Varian Unity 500 MHz spectrometer. Chemical shifts 
(δ) are reported in ppm downfield from tetramethylsilane and referenced to carbon resonances in 
the NMR solvent (CDCl3, δ= 77.0, center line; CD3CN, δ= 1.30, center line, acetone-d6 δ= 29.80, 
center line) or to added tetramethylsilane (δ= 0.00).  Carbons bearing boron substituents were not 
observed (quadrupolar relaxation). 11B NMR were recorded using a General Electric GN300WB 
instrument and referenced to an external standard of (BF3·Et2O). High resolution mass spectra 
(HRMS) were performed by Furong Sun and Dr. Steve Mullen at the University Of Illinois 
School Of Chemical Sciences Mass Spectrometry Laboratory.   
 
Synthesis of MIDA anhydride 
 
MIIDA anhydride 3.1 
 
Procedure: 
A round-bottom flask equipped with a PTFE-coated magnetic stir bar was charged with N-
methyliminodiacetic acid (25.0 g, 170 mmol, 1.0 equiv), acetic anhydride (85 mL, ~850 mmol, 
~5 equiv.), and pyridine (274.9 μL, 3.4 mmol, 0.02 equiv).  The flask was capped with a rubber 
septum which was pierced with an 18 gauge needle (alternatively a reflux condensor could be 
used).  The reaction was lowered into a preheated 70 °C oil bath and stirred until the mixture 
became clear and dark orange (about 1.5h).  The acetic acid, pyridine, and remaining acetic 
anhydride were then removed by vacuum distillation (37 ºC to 42 ºC at 30 Torr).  The resulting 
brown-black liquid was azeotroped three times with toluene (50 mL) to remove residual acetic 
acid and then transferred to an Erlenmeyer flask. To this flask was added enough diethyl ether to 
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dissolve the crude MIDA anhydride product (~400 mL) and approx. 6.5 g activated carbon. The 
resulting mixture was filtered to remove a black-brown precipitate, and the filtrate was 
concentrated in vacuo. The resulting pale yellow solid was then recrystallized from a minimum 
amount of hot diethyl ether to yield MIDA anhydride (16.9g, 131 mmol, 77%) as an off-white 
crystalline solid.  
 
Notes: 
This reaction is best run on 25 g scale, but has been scaled to at least 250 g.  Make sure to trap 
the distillation apparatus multiples times so as not to pull acetic acid into the vacuum line.  This 
reagent is very water sensitive and should be stored accordingly.  Upon contact with water, the 
reagent forms MIDA, but this can be removed by the recrystallization procedure outlined above.  
If the reaction seems sluggish, more pyridine can be added to speed it up.  The yield ranges 
between 70-85%, most of the remainder is lost in the recrystallization and can be recovered if 
purity is sacrificed..  The reaction should always be run with a new or semi-new bottle of acetic 
anhydride (the most convenient is the 500 mL from the stockroom) to ensure dryness. 
 
1H NMR: 
In d6-DMSO: δ 3.587 (s, 4H), δ 2.293 (s, 3H). 
 
Synthesis of MIDA Boronates 
 
 
Scheme 3.7 
 
General procedure for the synthesis of MIDA boronates.  A flame-dried 20 mL i-chem vial 
equipped with a PTFE-coated magnetic stir bar was charged with boronic acid (1 mmol, 1 equiv.) 
and MIDA anhydride (5 mmol, 5 equiv.).  The vial was capped with a PTFE-lined septum cap, 
evacuated and backfilled with argon three times.  To this vial was added 5 mL dry THF through 
syringe. The vial was lowered into a pre-heated 70 °C aluminum heat block, where the reaction 
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stirred for 24 h.  The vial was then removed from the heating source and allowed to cool to room 
temperature.  The solution was transferred to a 125 mL separatory funnel with 5mL diethyl ether 
followed by 15 mL deionized water.  The phases are separated and the aqueous layer is extracted 
four times with 15 mL 1:1 diethyl ether:THF.  The combined organics are washed with 30 mL 
saturated NaCl, dried over magnesium sulfate, and concentrated in vacuo. 
 
MIDA boronate 3.2 
 
See SI-2.1, MIDA boronate 2.1. 
 
 
MIDA boronate 3.4 
 
See SI-2.2, MIDA boronate 2.36. 
 
MIDA boronate 3.5 
 
Procedure: 
Prepared according to general procedure for the synthesis of MIDA boronates.  108.9 mg butyl 
boronic acid used.  Yield: 169.1 mg white solid, 74% 
 
1H NMR:  
In d6-acetone : δ 4.154 (d, 2H), δ 4.032 (d, 2H), δ 3.088 (s, 3H), δ  1.344 (m, 4H), δ 0.893 (m, 
2H), δ 0.631 (t, 3H). 
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MIDA boronate 3.6 
 
Procedure: 
Prepared according to general procedure for the synthesis of MIDA boronates.  97.6 mg 
cyclobutyl boronic acid used, .  Yield: 175.9 mg white solid, 85% 
 
1H NMR:  
In d6-acetone : δ 4.166 (d, 2H), δ 3.997 (d, 2H), δ 2.992 (s, 3H), δ  2.064-1.942 (m, 6H). 
 
 
MIDA boronate 3.7 
 
Procedure: 
Prepared according to general procedure for the synthesis of MIDA boronates.  85.9 mg 
cyclopropyl boronic acid used,  ran 14h, Yield: 141.6 mg white solid, 72% 
 
Spectral data consistent with previous literature reports.12 
 
MIDA boronate 3.8 
 
Procedure: 
Prepared according to general procedure for the synthesis of MIDA boronates.  165.5 mg 3,5-
diflurophenylboronic acid used,   Yield: 238.6 mg white solid, 89% 
 
1H NMR:  
In d6-acetone : δ 7.646 (m, 1H), δ 7.064 (t, 1H), δ 6.980 (t, 1H), δ  4.431 (d, 2H), δ  4.217 (d, 
86 
 
2H), δ  2.917 (s, 3H). 
 
 
MIDA boronate 3.9 
 
Procedure: 
Prepared according to general procedure for the synthesis of MIDA boronates.  214.9 mg 
2,3,4,5,6-pentafluorophenylboronic acid used, stirred 14 h, extracted six times.   Purified by 
column chromatography: Et2O25% MeCN in Et2O.  Yield: 144.6 mg white solid, 45% 
 
1H NMR:  
In d6-acetone : δ 4.496 (d, 2H), δ 4.294 (d, 2H), δ 3.077 (s, 3H). 
 
 
MIDA boronate 3.10 
 
Procedure: 
Prepared according to general procedure for the synthesis of MIDA boronates.  96.1 mg propenyl 
boronic acid used (80% cis).   Yield: 185.1 mg white solid, 84% 
 
1H NMR:  (80% cis) 
In d6-acetone : δ 5.357 (m, 1H), δ 5.318 (m, 1H), δ 4.190 (d, 2H), δ 4.043 (d, 2H), δ 3.029 (s, 
3H), δ 1.801-1.779 (m, 3H). 
 
 
MIDA boronate 3.11 
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Procedure: 
Prepared according to general procedure for the synthesis of MIDA boronates.  137.0 mg p-
tolylboronic acid used.  Yield: 249.3 mg white solid, 99% 
 
Spectral data consistent with previous literature reports.2 
 
MIDA boronate 3.12 
 
Procedure: 
Prepared according to general procedure for the synthesis of MIDA boronates.  113.0 mg 1-
penten-1-ylboronic acid used, stirred 14 h.  Purified by column chromatography: Et2O25% 
MeCN in Et2O.  Yield: 145.3 mg white solid, 57% 
 
1H NMR:  
In d6-acetone : δ 6.089 (m, 1H), δ 5.496 (m, 1H), δ 4.167 (d, 2H), δ 4.010 (d, 2H), δ 2.991 (s, 
3H), δ 2.107 (q, 2H), δ 1.433 (m, 2H), δ 0.904 (t, 3H) 
 
MIDA boronate 3.13 
 
Procedure: 
Prepared according to general procedure for the synthesis of MIDA boronates.  89.0 mg 2-
furylboronic acid used.  Yield: 161.1 mg white solid, 92% 
 
Spectral data consistent with previous literature reports.4 
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MIDA boronate 3.14 
 
Procedure: 
Prepared according to general procedure for the synthesis of MIDA boronates.  176.0 mg 1-
benzofuran-2-ylboronic acid used.  Purified by column chromatography: Et2O25% MeCN in 
Et2O.  Yield: 214.0 mg white solid, 78% 
 
Spectral data consistent with previous literature reports.4 
 
MIDA boronate 3.15 
 
Procedure: 
Prepared according to general procedure for the synthesis of MIDA boronates.  134.3 mg 2-
thiophenylboronic acid used.  Yield: 190.3 mg white solid, 80% 
 
Spectral data consistent with previous literature reports.4 
 
MIDA boronate 3.16 
 
Procedure: 
Prepared according to general procedure for the synthesis of MIDA boronates.  113.0 mg 5-
formyl-2-thienylboronic acid used, stirred 14 h.  Purified by column chromatography: 
Et2O25% MeCN in Et2O.  Yield: 145.3 mg white solid, 57% 
 
1H NMR:  
In d6-acetone : δ 10.207 (t, 1H), δ 7.662 (d, 1H), δ 7.371 (d, 1H), δ 4.473 (d, 2H), δ 4.352 (d, 
2H), δ 2.952 (s, 3H). 
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CHAPTER 4 
EXTENTION OF THE ITERATIVE CROSS COUPLING STRATEGY TO CARBON-
HETEROATOM BOND FORMATION 
 
 The iterative cross coupling strategy has been shown to be successful in the simple, 
modular, and efficient synthesis of small molecules.  Looking to extend this simplicity and 
power to synthetic targets containing carbon-heteroatom bonds, we investigated the 
application of slow-release cross coupling and iterative cross coupling to the Chan-Lam 
coupling. 
 
 
 
We sought to extend the power of ICC to carbon-heteroatom bond formation. 
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4-1 BACKGROUND 
 
The ICC platform has been shown to be an effective, efficient, and modular 
approach to the synthesis of small molecules through sequential construction of carbon-
carbon bonds.  Pursuant to our goals of extending the platform beyond Csp2 – Csp2 bond 
formation, we investigated the application of MIDA boronates and the ICC platform to 
Chan-Lam (CL) couplings.  The CL coupling is the copper mediated formation of C-N or 
C-O bonds via the intermediacy of boronic acids and N-H or O-H bonds (Scheme 4.1).  
This coupling was reported independently by Chan,1 Lam,2 and Evans3 in 1998, and has 
rapidly moved to the forefront of synthetic methodology.4  The CL coupling is typically run 
under very mild conditions – room temperature, under air or oxygen, and in the presence of 
an amine base.  These conditions make the CL coupling very functional group tolerant and 
amenable to fine-molecule synthesis.    
	  
Scheme 4.1.  Chan-Lam coupling conditions are generally very mild and consist of a copper 
catalyst, an amine base, a polar solvent, and mol. sieves.  While C-N bond formation is shown in 
this general scheme, the scope of the C-L reaction has been widely expanded by a number of 
groups since its introduction in 1998. 
 
 The mild conditions and wide substrate scope (discussed below) of the CL coupling 
made this reaction attractive as a possible addition to the ICC strategy.  In addition, the use 
of the boronic acid coupling partner meant that the boron-masking strategy could be 
directly applied to this reaction, and all of the desirable properties of MIDA boronates 
would translate to this reaction.  With this in mind, we decided to explore the chemistry of 
MIDA boronates with respect to C-N bond formation. 
 
4-2 BACKGROUND – CHAN-LAM COUPLING 
 
In the initial reports, the Chan group reported the arylation of an array of 
heterocyclic amines promoted by copper acetate, with yields ranging from 4-96%.  The 
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authors survey the reactivity of the amine substrates promoted by triethylamine and 
pyridine.  A brief outline of the substrates can be found in Scheme 4.2. 
 
Scheme 4.2.  An overview of the versatility of the copper mediated C-heteroatom bond formation 
as reported by the Chan group in 1998. 
 
The Lam group, in the same issue, reported primarily the arylation of nitrogen-containing 
heterocycles.  This method also uses copper acetate to promote these couplings.  An outline 
of the substrate scope is shown in Scheme 4.3. 
 
Scheme 4.3.  An overview of the substrate scope of the copper mediated C-N bond formation 
reported by the Lam group in 1998. 
 
 Cupric acetate is by far the most commonly used catalyst to promote this coupling 
reaction and can be used substoichiometrically.  However, a few catalyst systems have 
been developed for selected systems.  In a talk at the University of Illinois, P. Y. S. Lam 
reported unpublished studies that indicate that water was the primary source of the 
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hydroxyl group on the commonly observed phenolic byproducts derived from the boronic 
acid in the reaction.  However, the development of the copper hydroxide TMEDA dimer 
for the coupling of imidazoles in water by the Collman group in 2001 shows that this issue 
can be bypassed with an alternate catalyst system.5  While this system gives very high 
yields for the arylation of imidazoles, the catalyst appears to be highly selective for 
imidazoles and benzimidazoles and is generally unreactive toward other substrates.  The 
reactivity is outlined in Scheme 4.4, below. 
 
Scheme 4.4.  In 2001, the Collman group reported the use of [Cu(OH)·TMEDA]2Cl2 to arylate 
substituted imidazoles using water as the solvent. 
 
 In addition to C-N bond formation, the CL coupling has been extended more 
recently to the formation of carbon-oxygen and carbon –sulfur bonds.  Carbon-oxygen 
bond formation was reported initially in the 1998 Chan report,1 which was immediately 
optimized by Evans and used in the total synthesis of thyroxine.6  In 2001 the Chan group 
developed a method using substoichiometric amounts of copper acetate, which also 
investigated the identity of the oxidant.  Reports of copper catalysis for formation of 
carbon-sulfur bonds was described initially by Guy and coworkers in 2000,7 and 
subsequently improved upon by Luo et. al. in 2009.8  In addition, boronic acids, boronic 
esters, and boroxines have all been shown to be competent CL coupling partners.9  The 
versatility and practicality of the CL coupling have quickly made this method an 
indispensible tool for the formation of carbon-heteroatom bonds. 
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4-3 MECHANISM 
 
Despite the usefulness of the CL coupling, relatively few studies have been 
performed to determine the mechanism.  In 2009, the Stahl group proposed the mechanism 
outlined in Scheme 1.610, based on the CL conditions for carbon oxygen bond formation 
reported by Xie in 2004.  This mechanism was supported by kinetic and stoichiometric 
data.  It appears that copper may be acting as both a one- and two- electron oxidant, and a 
final reoxidation of copper is necessary by a co-oxidant, which in this case is oxygen.  
Another mechanistic study by Tromp et. al. in 2010 examined the reactivity of the Collman  
’	  
Scheme 4.5.  The mechanism proposed by the Stahl group in 2009.  This overall mechanism was 
further supported by work done by Tromp and coworkers in 2010. 
	  
catalyst discussed earlier, and also provides evidence for copper as both a one- and two-
electron oxidant.11  The insights provided by these mechanistic studies will doubtless 
precipitate further investigation. 
 
4-4 SLOW RELEASE CHAN-LAM 
 Boronic acids are extremely synthetically useful, but as has been mentioned earlier, 
tend to suffer from limited stability, both to storage as well as reaction conditions (see 
chapter 1).  By contrast, MIDA boronates are stable to long term storage and a variety of 
reaction conditions.  Because MIDA boronates are sensitive to aqueous base, they can be 
deprotected to the desired boronic acid under standard SM cross coupling conditions and 
95 
	  
generated in situ.12  However, the desired deprotection is very fast under standard SM 
conditions (10 minutes, aqueous sodium hydroxide), so while the issue of storage is 
addressed, many boronic acids are very unstable to SM reaction conditions.  A report from 
2009 from our group details the slow and continuous release of boronic acids from the 
corresponsing MIDA boronates and the in situ coupling to aryl halides.13  This slow release 
of the boronic acid also addresses the issue of boronic acid instability to reaction conditions 
– as the boronic acid is released, it promptly enters the cross coupling cycle, thus 
undergoing productive coupling rather than detrimental decomposition. 
 Given the remarkable success of the slow release coupling strategy in the SM 
reaction, we hypothesized that slow release of unstable boronic acids in situ would have a 
similar marked impact on yield of CL couplings.  We developed a model system, outlined 
in Scheme 4.6.  
 
Scheme 4.6.   The model system used to investigate the in situ slow release of the boronic acid 
and subsequent Chan-Lam coupling. 
 
We chose these substrates because their reactivity in the CL reaction is well documented in 
the literature.  After independent synthesis of the product 4.1, we were able to begin 
investigating conditions and measuring yields by GC.  Most of the experiments were run in 
duplicate to ensure reproducibility.14  Initial results indicated the need for a base to deprotect 
the MIDA boronate in addition to the amine base needed to promote the coupling reaction, 
that the reaction was most productive at 85 °C.  Because MIDA boronates are generally not 
soluble in DCM, we began studying this reaction in a mixture of DMF and water.  
 We first tested our hypothesis that conversion of the MIDA boronate directly to the 
boronic ester may be more productive than conversion directly to the boronic acid.  Thus, 
we surveyed a variety of diols to promote this reaction, which can be seen in Scheme 4.7.   
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Scheme 4.7.   Results indicated that 1,3-propane diol and neopentyl glycol were most efficient at 
promoting the reaction.  Yields are an average of two reactions based on GC. 
 
The highest yields were 1,3-propane diol and neopentyl glycol, entries 4 and 5, Scheme 
4.7.  We repeated this experiment in a screen to determine the optimum number of 
equivalents of diol, and found that there was no statistical difference between using 1-3 
equivalents of either diol or no diol at all – the yield appeared to be hovering just under 
20%.   
 We next turned our attention to the solvent.  We used DMF originally because of 
the solubility of all of the reactants, but we were interested to see what effects the solvent 
may have on product formation in this reaction, especially given that the addition of 
sodium bicarbonate made the reaction heterogeneous.  The results are outlined in Scheme 
4.8, below. Given the results from entry 1, it appears that DMF was the best solvent from 
the beginning. 
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Scheme 4.8.   Results indicated that DMF was the best solvent for promoting this coupling.  Yields 
are an average of two reactions based on GC. 
 
 Throughout these experiments, we noticed a peak in the GC trace we could not 
attribute to the benzimidazole or the product.  We were surprised to discover upon further 
investigation that this peak was the unreacted MIDA boronate, having previously believed 
they were not amenable to GC analysis.  Upon the realization that the MIDA boronate was 
largely not being consumed, we hypothesized that varying the amount of exogenous base 
added to the reaction may cause the MIDA boronate to deprotect more rapidly and push the 
yield above 25%.  Thus, we ran an experiment to test the equivalents of NaHCO3, shown in 
Scheme 4.9 
 
 
Scheme 4.9.   The addition of more equivalents of NaHCO3 did not cause a significant 
increase in yield.  Yields are an average of two reactions based on GC. 
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Unfortunately, varying the equivalents of exogenous base appeared to have little effect on 
the overall yield of the reaction.    After this result, we decided to compare the reactivity of 
the boronic acid to the reactivity of the MIDA boronate (Scheme 4.10).  Surprisingly, in  
	  
 
Scheme 4.10.   The addition of more equivalents of NaHCO3 did not cause a significant increase 
in yield.  Yields are an average of two reactions based on GC. 
 
this experiment and all follow up experiments, the boronic acid gave consistently much 
higher yields than the MIDA boronate, despite the fact that the conditions were optimized 
for the reaction of the MIDA boronate. 
 The results from these experiments, and other following experiments which also 
showed that the boronic acid was considerably more reactive to coupling, caused us to 
reconsider what the difference could be.  By TLC there appeared to be both boronic acid 
and MIDA boronate remaining in the reaction mixture at the end of the couplings.  While it 
was true that the MIDA boronate was not being fully deprotected and this was definitely 
contributing to the lower yields observed with the MIDA boronate coupling partner, the 
fact that there was free boronic acid available in solution that was not undergoing 
productive coupling indicated to us that there was likely another issue which was 
responsible for the lack of reactivity.  Despite the fact that Eric Gillis and Dave Knapp did 
not observe sequestration of palladium during their slow-release cross coupling Suzuki 
reactions,13 we theorized that is was still possible that the MIDA that was being freed in 
solution was complexing and sequestering the copper, effectively shutting down the 
reactivity.  MIDA is effectively one half of EDTA, which is well known to be a tight 
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copper binder.15  We decided to test this hypothesis by doping in one equivalent of MIDA 
to reactions with a boronic acid coupling partner.  The results, shown in Scheme 4.11,  
 
Scheme 4.11.   The addition of MIDA to reactions with a boronic acid coupling partner caused a 
significant decrease in yield.  Yields are an average of two reactions based on GC. 
 
indicated that free MIDA is very detrimental to the yield, which supports our hypothesis 
that the MIDA released from the deprotection of the MIDA boronate was complexing 
copper and preventing it from catalyzing the reaction.  This final experiment indicated to us 
that a more creative solution may be necessary to address the issue of boronic acid 
instability in CL couplings.  The method was not developed further. 
 
4-5 ITERATIVE CHAN-LAM COUPLINGS OF BIFUNCTIONAL BUILDING BLOCKS 
 Our experience with the slow-release CL couplings brought to our attention the fact 
that MIDA boronates were able to tolerate harsher CL conditions than we had previously 
predicted.  We were inspired by this result to imagine that the ICC strategy could be 
applied to CL couplings in the more traditional sense – directly analogous to the SM 
coupling of the halide portion of a bifunctional halo-MIDA boronate to a boronic acid, we 
imagined a bifunctional CL substrate which contained a MIDA boronate but could undergo 
selective coupling at a nitrogen-hydrogen bond (Scheme 4.12). 
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Scheme 4.12.   We imagined applying the efficiency and modularity of the ICC strategy to the 
versatile Chan-Lam coupling. 
 
We imagined that application of the ICC strategy to the very versatile CL coupling would 
provide rapid access to a wide variety of interesting medicinal molecular architectures.  A 
few short experiments quickly indicated that MIDA boronates were completely unreactive 
under many of the most commonly used CL conditions.  With this result in hand, we were 
able to test the iterative Chan-Lam strategy. 
 We first targeted the substrates 4.2 and 4.3, shown in Scheme 4.13.  We were able 
to easily access these substrates through a condensation from the corresponding aldehydes. 
 
 
Scheme 4.13.   We accessed bifunctional building blocks 4.2 and 4.3 through a condensation with 
the 1,2-diaminobenzene and the corresponding aldehyde. 
 
Method optimization revealed that the reaction conditions shown in scheme 4.14 gave the 
highest yields when coupled to tolyl boronic acid.  The use of copper acetate provided less 
than 5% yield in all cases.  In general, the reason for the relatively low yields was due to 
low conversion - starting material was often recovered and recycled.  This may be due to 
the large steric demand at the 2-position on the benzimidazole.  Another major issue facing 
this method is solubility of the coupling partners – the most commonly used solvent for the 
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CL coupling is dichloromethane, but these substrates are insoluble in DCM and we saw no 
reaction when we attempted this reaction in DCM.  Finally, we observed low reactivity in 
general – despite extremely long reaction times and catalyst recharges, the yield of this 
reaction never exceeded 52% 
 
Scheme 4.14.   After method optimization, we explored the substrate scope of the selective Chan-
Lam couplings.  The reported yields are isolated yields after normal and reverse phase 
chromatography.  The low yields are due to low conversion of the substrate. 
 
 Despite the low reactivity, we explored the substrate scope for the selective CL 
coupling.  We found the benzimidazole coupling partner to be more reactive to alkyl  
boronic acid substrates, as shown in Scheme 4.14.  Continuing with the ICC theme, we 
deprotected substrate 4.3 to generate the corresponding boronic acid (Scheme 4.15) and 
subsequently coupled this boronic acid to benzimidazole.  A yield was not determined for 
this reaction (although 88% mass recovery was achieved) nor was product formation 
confirmed by mass spectrometry. 
	  
Scheme 4.15.   Boronic acid deprotection proceeded smoothly, but formation of 4.9 was not 
confirmed. 
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 Thus, we have shown that bifunctional CL building blocks can be prepared and 
selectively coupled to a variety of boronic acids, and that this process can be iterated 
through subsequent deprotection of the MIDA boronate and coupling.  This method would 
benefit from an improvement in the relatively low yields, and should be explored in the 
context of other substrates.  
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4-6 EXPERIMENTAL INFORMATION 
 
GENERAL EXPERIMENTAL PROTOCOL 
 
Materials.  Commercial reagents were purchased from Sigma-Aldrich, Fisher Scientific, Alfa 
Aesar, Strem, TCI America Frontier Scientific, Oakwood Products or Combi-Blocks and were 
used without further purification unless otherwise noted. Solvents were purified via passage 
through packed columns as described by Pangborn and coworkers16 (THF, Et2O, CH3CN, 
CH2Cl2: dry neutral alumina; hexane, benzene, and toluene: dry neutral alumina and Q-5 reactant 
(copper(II) oxide on alumina); DMSO, DMF: activated molecular sieves). All water was 
deionized prior to use. Pyridine was freshly distilled under an atmosphere of nitrogen from CaH2. 
N-methyliminodiacetic acid17 was prepared according to procedures reported in the literature 
 
General Experimental Procedures.  Unless otherwise noted, all reactions were performed in 
flame-dried glassware under argon. Organic solutions were concentrated via rotary evaporation 
under reduced pressure with a bath temperature of 25-70 ºC. Reactions were monitored by 
analytical thin layer chromatography (TLC) performed using the indicated solvent on E. Merck 
silica gel 60 F254 plates (0.25mm). Compounds were visualized by: exposure to a UV lamp (λ = 
254 or 366 nm), incubation in a glass chamber containing iodine, and/or treatment with a 
solution of KMnO4, an acidic solution of p-anisaldehyde or a solution of ceric ammonium 
molybdate (CAM) followed by brief heating with a Varitemp heat gun. MIDA boronates are 
compatible with standard silica gel chromatography, including standard loading techniques. 
Column chromatography was performed using standard methods,18 C18 reversed-phase 
chromatography was performed on a Teledyne-Isco CombiFlash Rf purification system. Both 
methods were performed using Merck silica gel grade 9385 60 Å (230-400 mesh). For loading, 
compounds were adsorbed onto non acid-washed Celite 545 by suspension of the mixture in a 
suitable solvent (usually acetone), addition of Celite until dry, and evaporation of the solvent.  
After removal of the Celite-adsorbed material, this procedure was performed a second time to 
ensure complete transfer of residual material. 
 
Structural analysis.  1H-NMR spectra were recorded at 23 °C on a Varian Unity 400, a Varian 
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Unity 500, or a Unity Inova 500 MHz NB spectrometer. Chemical shifts (δ) are reported in parts 
per million (ppm) downfield from tetramethylsilane and referenced to residual protium in the 
NMR solvent (CHCl3, δ= 7.26; CD2HCN δ=1.93, center line; acetone-d6 δ= 2.06, center line). 
Alternatively, NMR-solvents designated as “w/ TMS” were referenced to tetramethylsilane (δ = 
0.00 ppm) added as an internal standard. Data are reported as follows: chemical shift, 
multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, quint = quintet, sept = septet, m = 
multiplet, br = broad, app = apparent), coupling constant (J) in Hertz (Hz), and integration.  13C 
NMR spectra were recorded at 23 °C on a Varian Unity 500 MHz spectrometer. Chemical shifts 
(δ) are reported in ppm downfield from tetramethylsilane and referenced to carbon resonances in 
the NMR solvent (CDCl3, δ= 77.0, center line; CD3CN, δ= 1.30, center line, acetone-d6 δ= 29.80, 
center line) or to added tetramethylsilane (δ= 0.00).  Carbons bearing boron substituents were not 
observed (quadrupolar relaxation). 11B NMR were recorded using a General Electric GN300WB 
instrument and referenced to an external standard of (BF3·Et2O). High resolution mass spectra 
(HRMS) were performed by Furong Sun and Dr. Steve Mullen at the University Of Illinois 
School Of Chemical Sciences Mass Spectrometry Laboratory.  Gas chromatograpgy analysis was 
conducted on an Agilent Technologies 7890A instrument.  GC yields are based on a napthalene 
internal standard using an Agilent Technologies HP-5 column (part number 19091J-413 
 
Slow Release Chan-Lam Studies 
 
General procedure for slow-release CL screens: 
 A series of 1.5 mL vials equipped with stir bars.  NaHCO3 was massed into each vial.  The 
following solutions were prepared in DMF unless otherwise noted:  benzimidazole/naphthalene, 
tolyl MIDA boronate, Cu(OAc)2, triethyl amine, and diol.  The Cu(OAc)2 solution was  To each 
vial containing the base was added the appropriate amount of each reactant/reagent in this order:  
benzimidazole/naphthalene, tolyl MIDA boronate, diol, triethyl amine, and finally Cu(OAc)2.  
The vials were capped under ambient atmosphere with solid PTFE lined caps.  The vials were 
placed in a preheated 85 °C aluminum heat block and stirred for 24 h.  The vials were removed 
and cooled to room temperature.  Each reaction mixture was passed through a pipette “column” 
containing glass wool, topped with silica gel, topped with Celite.  The reaction mixture was 
eluted four times with 1-2 mL EtOAc.  The resulting solutions were analyzed by GC against the 
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internal standard, napthalene. 
Notes:   
Napthalene was used as an internal standard because dodecane is not soluble in DMF. 
 
 
Diol Identity Determination  
 
Scheme 4.16 
Variable: Identity of diol 
Procedure: 
This experiment was run according to the general procedure for slow-release CL screens.  The 
following solutions were prepared: 
-12.6 mg NaHCO3 massed into each vial 
-56.5 mg benzimidazole and 59.6 mg naphthalene in 1.6 mL DMF 
-117.9 mg tolyl MIDA boronate in 1.6 mL DMF 
-87.2 mg Cu(OAc)2 in 1.6 mL DMF 
-334 µL triethyl amine in 1.266 mL DMF 
-0.09 mmol diol in 300 µL DMF 
100 µL each solution added to each vial, as described.  The reactions were run in duplicate, and 
the results are an average of two yields based on the internal standard. 
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Solvent Determination  
 
Scheme 4.17 
Variable: Solvent 
Procedure: 
Each reagent and reactant was massed into vials individually in the following amounts: 
11.8 mg benzimidazole 
12.8 mg napthalene 
37.1 mg tolyl MIDA boronate 
18.2 mg Cu(OAc)2 
69.7 µL triethyl amine 
42.0 mg NaHCO3 
The exact amount of naphthalene and benzimidaole added to each vial were recorded to produce 
and accurate yield.  To each vial was added 1.67 mL of the indicated solvent.  The reactions 
were run in duplicate and the yield was obtained by GC as an average of two yields based on the 
internal standard. 
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Determination of equivalents of NaHCO3 
 
Scheme 4.18 
 
Variable: Equivalents of NaHCO3 
Procedure: 
This experiment was run according to the general procedure for slow-release CL screens.  The 
following solutions were prepared: 
-85.9 mg benzimidazole and 72.9 mg naphthalene in 2.4 mL DMF 
-266.8 mg tolyl MIDA boronate in 2.4 mL DMF 
-130.8 mg Cu(OAc)2 in 4.8 mL DMF 
-501.8 µL triethyl amine in 1.9 mL DMF 
400 µL Cu(OAc)2 and 200 µL each other solution added to each vial, as described.  The reactions 
were run in duplicate, and the results are an average of two yields based on the internal standard. 
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Determination of superiority of boronic acids 
 
 
Scheme 4.19 
 
Variable: boron source and equivalents of boron source 
Procedure: 
This experiment was run according to the general procedure for slow-release CL screens.  The 
following solutions were prepared: 
-12.6 mg NaHCO3 added to each vial. 
-36.6 mg benzimidazole and 32.7 mg naphthalene in 1.0 mL DMF 
-111.7 mg tolyl MIDA boronate in 2 mL DMF 
-61.2 mg tolyl boronic acid in 2 mL DMF 
-54.5 mg Cu(OAc)2 in 1 mL DMF 
-209.0 µL triethyl amine in 791 µL DMF 
 
100 µL each of benzimidazole/naphthalene solution, copper acetate solution, and triethylamine 
solution were added to each vial.  100 or 200 µL of either MIDA boronate or boronic acid 
solution added to each, as described.  The reactions were run in duplicate, and the results are an 
average of two yields based on the internal standard. 
 
 
 
 
 
109 
	  
Determination of complexation 
 
 
Scheme 4.20 
 
Variable: boron source and additives 
Procedure: 
This experiment was run according to the general procedure for slow-release CL screens.  The 
following solutions were prepared: 
-12.6 mg NaHCO3 added to each vial. 
-36.8 mg benzimidazole and 28.4 mg naphthalene in 1.0 mL DMF 
-33.4 mg tolyl MIDA boronate in 300 µL DMF 
-48.9 mg tolyl boronic acid in 800 µL DMF 
-56.3 mg Cu(OAc)2 in 2 mL DMF 
-209.0 µL triethyl amine in 791 µL DMF 
To the appropriate vials 6.62 mg MIDA or 8.6 mg Na2MIDA were added.  100 µL each of 
benzimidazole/naphthalene solution, MIDA boronate or boronic acid solution, and triethylamine 
solution were added to each vial.  200 µL Cu(OAc)2 added to each, as described.  The reactions 
were run in duplicate, and the results are an average of two yields based on the internal standard. 
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Iterative Chan-Lam Couplings 
 
MIDA boronate 4.2 
 
Procedure: 
A flame-dried 20 mL I-chem vial was flamed dried and equipped with a stirbar.  The following 
was added to the vial:  438.7 mmol diaminobenzene (4.0 mmol, 1 equiv.), 1.0374 g 4-formyl 
MIDA boronate (3.97 mmol, 1 equiv.) and 772.7 mg Na2S2O5 (4.07 mmol, 1 equiv).  To the vial 
was added 8 mL DMF.  Vial was capped with septum cap under atmosphere and lowered into a 
pre-heated 65 °C aluminum heat block.  Reaction stirred at 65 °C for 6 h.  Vial removed, allowed 
to cool to room temperature.  Reaction poured into a 250 mL separatory funnel with 10 mL 
EtOAc and 20 mL water.  Shaken, phases separated.  Aqueous phase extracted 3 times EtOAc, 
combined organics then washed with 20 mL brine.  Organic layer dried over magnesium sulfate, 
filtered, and concentrated in vaccuo.  Adsorbed onto Celite and placed under high vac for 1h to 
remove residual DMF.  Purified by column chromatography: column: 8 mm diameter, 6.5 mm 
tall.  Elution: 1L Et2O→(began collecting)1.5 L 4:1 Et2O:MeCN→400 mL 3:1 Et2O:MeCN→1.2 
L 2:1 Et2O:MeCN→1:1 Et2O:MeCN.  Collected 97 40 mL fractions. Pooled and concentrated 
fractions 45-97.  Yield: 602.9 mg yellow solid, 44%. 
 
1H NMR:  
In d6-acetone : δ 11.960 (s, 1H), δ 8.226 (d, 2H), δ 7.723-7.545 (m, 4H), δ 7.240-7.205 (m, 2H), 
δ 4.390 (d, 2H), δ 4.234 (d, 2H), δ 2.823 (s, 3H). 
HRMS: 
EI+:  calculated: 349.12399, found: 349.12440 
TLC: 
Eluent: 1:1 Et2O:MeCN, Rf=0.22, vis=UV/KMnO4. 
RP plates: Eluent: 2:3 water:MeCN, Rf= .43, vis=UV/KMnO4 
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MIDA boronate 4.3 
 
 
Procedure: 
A flame-dried 20 mL I-chem vial was flamed dried and equipped with a stirbar.  The following 
was added to the vial:  440.1 mmol diaminobenzene (4.0 mmol, 1 equiv.), 1.0399 g 3-formyl 
MIDA boronate (3.98 mmol, 1 equiv.) and 766.7 mg Na2S2O5 (4.03 mmol, 1 equiv).  To the vial 
was added 8 mL DMF.  Vial was capped with septum cap under atmosphere and lowered into a 
pre-heated 65 °C aluminum heat block.  Reaction stirred at 65 °C for 6 h.  Vial removed, allowed 
to cool to room temperature.  Reaction poured into a 250 mL separatory funnel with 10 mL 
EtOAc and 20 mL water.  Shaken, phases separated.  Aqueous phase extracted 3 times EtOAc, 
combined organics then washed with 20 mL brine.  Organic layer dried over magnesium sulfate, 
filtered, and concentrated in vaccuo.  Adsorbed onto Celite and placed under high vac for 1h to 
remove residual DMF.  Purified by column chromatography: column: 8 mm diameter, 6.5 mm 
tall.  Elution: 1 Et2O → 2:1 Et2O:MeCN→1:1 Et2O:MeCN.  Pooled and concentrated fractions 
containing product, to yield 532.1 mg orange solid, only 90% pure.  Adsorbed onto Celite and 
purified by reverse phase chromatographgy: 2:1 water:MeCN→1:2 water :MeCN.  Pooled 
fractions 3-16, added solid NaCl (approx. 2 g).  Transferred to separatory funnel, aqueous phase 
extracted three times with an equivalent amount of EtOAc.  Combined organics dried over 
magnesium sulfate, filtered, and concentrated.  Yield: 445.2 mg light orange solid, 32%. 
 
Notes: 
The combined organic layers were washed with brine, but this should be excluded in the future 
as it leads to the appearance of an insoluble white precipitate that may or may not be product. 
 
Yield: 602.9 mg yellow solid, 44%. 
 
1H NMR:  
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In d6-acetone : δ 8.333 (s, 1H), δ 8.292 (d, 2H), δ 7.967 (s, 1H), δ 7.565-7.535 (m, 4H), δ 7.225-
7.190 (m, 2H), δ 4.399 (d, 2H), δ 4.264 (d, 2H), δ 2.782 (s, 3H). 
TLC: 
Eluent: 1:1 Et2O:MeCN, Rf=0.22, vis=UV/KMnO4. 
 
 
 
Scheme 4.21 
 
General procedure for the selective Chan-Lam coupling of MIDA boronate 4.2: 
A 7 mL vial was flame dried, equipped with stir bar, and charged with 34.9 mg 4.2 (1 mmol, 1 
equiv.), 2 mmol boronic acid (2 equiv), 5.0 mg [Cu(OH)·TMEDA]2Cl2. (0.1 equiv, Di-µ-
hydroxy-bis(N,N,N',N'-tetramethylenediamine)-copper(II) chloride, CAS: 30698-64-7), and 50 
mg 4 Å mol. sieves.   1 mL DMSO was added.  Vial was capped with septum cap and equipped 
with O2 balloon.  The reaction stirred under O2 for 48 h at room temperature.    The reaction 
mixture was filtered over Celite to remove mol. sieves using EtOAc to elute.  The solution 
(approx.. 10 mL EtOAc) was transferred to a 30 mL separatory funnel containing 7 mL water. 
Shaken, separated.  The aqueous layer was extracted three times with 7 mL EtOAc.  The 
combined organics were dried over magnesium sulfate, filtered, and concentrated to yield a dark 
brown oil.  Purified first by column chromatography: Et2O →1:1 Et2O:MeCN.  The resulting 
residue was adsorbed onto Celite and purified by C18 reversed phase chromatography on the 
MPLC (see general reaction procedures) 30% MeCN in water →50% MeCN in water.  The 
fractions containing product were quickly pooled and transferred to a separatory funnel.  The 
aqueous layer was extracted three times with 50 mL EtOAc, and the combined organics were 
dried over magnesium sulfate, filtered, and concentrated. 
Note: 
The extraction of the reversed phase column fractions is necessary because the MIDA boronates 
will decompose if concentrated in water. 
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MIDA boronate 4.4 
 
 
Procedure: 
Prepared according to general procedure for selective CL coupling.  The following amounts were 
used: 
34.5 mg 4.2 
27.3 mg p-tolylboronic acid 
5.3 mg [Cu(OH)·TMEDA]2Cl2 
48.0 mg mol sieves 
Purified as described.  Yield: 22.8 mg yellow solid, 53%. 
 
1H NMR:  
In CD3CN : δ 7.762 (d, 1H), δ 7.554 (m, 2H), δ 7.460 (d, 2H), δ 7.357-7.214 (m, 7H), δ 4.049 (d, 
2H), δ 3.903 (d, 2H), δ 2.537 (s, 3H), δ 2.465 (s, 3H). 
HRMS: 
EI+, calculated: 439.17034, found: 439.17113 
TLC: 
Eluent: 1:1 Et2O:MeCN, Rf=0.33, vis=UV/KMnO4 
RP plates: Eluent: 2:3 water:MeCN, Rf= .23, vis=UV/KMnO4 
 
MIDA boronate 4.5 
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Procedure: 
Prepared according to general procedure for selective CL coupling.  The following amounts were 
used: 
36.8 mg 4.2 
36.1 mg p-isopropoxyboronic acid 
5.1 mg [Cu(OH)·TMEDA]2Cl2 
53.5 mg mol sieves 
Purified as described.  Yield: 17.6 mg white solid, 34%. 
 
1H NMR:  
In CD3CN : δ 7.753 (d, 1H), δ 7.580 (d, 2H), δ 7.472 (d, 2H), δ 7.312-7.201 (m, 5H), δ 7.029 (d, 
2H),  δ 4.661 (sept, 1H), δ 4.048 (d, 2H), δ 3.903 (d, 2H), δ 2.498 (s, 3H), δ 1.347 (d, 6H). 
HRMS: 
EI+, calculated: 483.19665, found: 483.19760 
TLC: 
Eluent: 1:1 Et2O:MeCN, Rf=0.33, vis=UV/KMnO4 
RP plates: Eluent: 2:3 water:MeCN, Rf= .18, vis=UV/KMnO4 
 
MIDA boronate 4.6 
 
 
Procedure: 
Prepared according to general procedure for selective CL coupling.  The following amounts were 
used: 
32.6 mg 4.2 
39.1 mg p-tertbutylboronic acid 
5.7 mg [Cu(OH)·TMEDA]2Cl2 
44.7 mg mol sieves 
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Purified as described.  Yield: 23.8 mg white solid, 53%. 
 
1H NMR:  
In CD3CN : δ 7.807 (d, 1H), δ 7.617-7.585 (m, 4H), δ 7.500 (d, 2H), δ 7.364-7.323 (m, 4H), δ 
7.262 (d, 1H), δ 4.805 (d, 2H), δ 3.953 (d, 2H), δ 2.512 (s, 3H) , δ 1.397 (s, 9H). 
TLC: 
Eluent: 1:1 Et2O:MeCN, Rf=0.33, vis=UV/KMnO4 
RP plates: Eluent: 2:3 water:MeCN, Rf= .17, vis=UV/KMnO4 
 
 
MIDA boronate 4.7 
 
 
Procedure: 
Prepared according to general procedure for selective CL coupling.  The following amounts were 
used: 
34.6 mg 4.2 
31.6 mg m-methoxyboronic acid 
5.6 mg [Cu(OH)·TMEDA]2Cl2 
54.3 mg mol sieves 
Purified as described.  Yield: 15.1 mg pale yellow solid, 34%. 
 
1H NMR:  
In CD3CN : δ 7.765 (d, 1H), δ 7.574 (d, 2H), δ 7.468-7.728 (m, 6H), δ 7.077-7.053 (m, 1H), δ 
6.950-6.932 (m, 2H), δ 4.051 (d, 2H), δ 3.905 (d, 2H), δ 3.733 (s, 3H) , δ 2.488 (s, 3H). 
HRMS: 
EI+, calculated: 455.16525, found: 455.16587 
TLC: 
Eluent: 1:1 Et2O:MeCN, Rf=0.33, vis=UV/KMnO4 
116 
	  
RP plates: Eluent: 2:3 water:MeCN, Rf= .19, vis=UV/KMnO4 
 
 
MIDA boronate 4.8 
 
 
Procedure: 
Prepared according to general procedure for selective CL coupling.  The following amounts were 
used: 
35.9 mg 4.2 
32.2 mg p-methoxyboronic acid 
5.4 mg [Cu(OH)·TMEDA]2Cl2 
47.3 mg mol sieves 
Purified as described.  Yield: 17.5 mg white solid, 37%. 
 
1H NMR:  
In CD3CN : δ 7.757 (d, 1H), δ 7.537 (d, 2H), δ 7.454-7.212 (m, 4H), δ 7.196 (d, 1H), δ 7.055 (d, 
2H), δ 4.048 (d, 2H), δ 3.904 (d, 2H), δ 3.855 (s, 3H) , δ 2.499 (s, 3H). 
HRMS: 
EI+, calculated: 455.16525, found: 455.16610 
TLC: 
Eluent: 1:1 Et2O:MeCN, Rf=0.33, vis=UV/KMnO4 
RP plates: Eluent: 2:3 water:MeCN, Rf= .28, vis=UV/KMnO4 
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Iterative Chan-Lam 
 
. 
Scheme 4.22 
 
Procedure: 
MIDA boronate deprotection:  MIDA boronate 4.4  was evaporated into a 7 mL vial (34.8 mg, 
0.79 mmol, 1 equiv.), and to this vial was added 712.8 µL THF and 237.6 µL 1M NaOH 
(0.23769 mmol, 3 equiv.).  Reaction capped under ambient atmosphere and stirred for 70 mg, 
followed by TLC. Reaction poured into a 5 mL solution of 1M phosphate buffer (pH 7) using 5 
mL Et2O to transfer.  Shaken, separated.  Aqueous layer extracted three times with 5 mL Et2O.  
Combined organic layers dried over magnesium sulfate, filtered, and concentrated in vacuo.  
Yield: 24.3 mg white solid, 94%. Used directly in coupling, below. 
Coupling:  Boronic acid (24.3 mg, 2 equiv, 0.74 mmol) was evaporated directly into a 7 mL vial.  
To this vial was added 6.8 mg benzimidazole (approx.. 0.37 mmol, 1 equiv.), 4.7 mg 
[Cu(OH)·TMEDA]2Cl2 (0.095 mmol, 0.25 equiv.) and 14.8 mg mol. sieves. 370 µL DCM and 
stir bar added, capped with septum cap, equipped with O2 balloon.  Stirred for 3 days, over 
which TLC did not appear to change.  Concentrated in vacuo, purifiec by column 
chromatography: very slow gradient: 99:1 DCM:MeOH→90:10 DMC:MeOH.  Collected 60 10 
mL fractions. Pooled fractions 21-23 (2.0 mg), 24-31 (3.8 mg), and 32-52 (21.7 mg).  Desired 
product not identified. 
 
 
 
 
 
118 
	  
4-7 REFERENCES 
	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 Chan, D. M. T.; Monaco, K. L.; Wang, R. P.; Winters, M. P. Tetrahedron Lett., 1998, 39, 2933. 
2 Lam, P. Y. S.; Clark, C. G.; Saubern, S.; Adams, J.; Winters, M. P.; Chan, D. M. T.; Combs, A.,  Tetrahedron 
Lett., 1998, 39, 2941. 
3 Evans, D. A.; Katz, J. L.; West, T. R. Tetrahedron Lett., 1998, 39, 2933. 
4 Prior to the discovery of the CL coupling, the Ullman-Goldberg coupling and Buchwald-Hartwig coupling were 
common methods for C-N bond formation. For a review on the Ullman-Goldber coupling, see (a) Lindley, J., 
Tetrahedron, 1984, 40, 1433. For a review on the Buchwald-Hartwig coupling, see (b) Hartwig, J. F., Angew. Chem. 
Int. Ed., 1998, 37, 2046. 
5 Collman, J. P., Zhong, M.; Zhang, C.; Constanza, S., J. Org. Chem., 2001, 66, 7892. 
6 Evans, D. A.; Katz, J. L.; West, T. R. Tetrahedron Lett., 1998, 39, 2937. 
7 Herradura, P.S.; Pendola, K. A.; Guy, R. K., Org. Lett., 2000, 2, 2019. 
8 Luo, P. A.; Wang, F.; Li, J. H.; Tang, RR. Y.; Shong, P., Synthesis, 2009, 921. 
9 Cha, D. M. T.; Monaco, K. L.; Li, R.; Bonne, D.; Clark, C. G.; Lam, P. Y. S., Tetrahedron. Lett., 2003, 44, 3863.  
10 King, A. E.; Brunold, T. C.; Stahl, S., J. Am. Chem. Soc., 2009, 131, 5044. 
11 Tromp, M.; van Strijdonck, G. P. F.; van Berkel, S. S.; van den Hoogenband, A.; Feiters, M. C.; de Bruin, B.; 
Fiddy, S. G.; van der Eerden, A. M. J.; ban Bokhovwn, J. A.; van Leeuwen, P. W. N. M.; Koningsberger, D. C..  
Organometallics, 2010, 29, 3085.  
12 Gillis, E. P.; Burke, M. D., J. Am. Chem. Soc., 2007, 129, 6717.  
13 Knapp, D. M.; Gillis, E. P.; Burke, M. D., J. Am. Chem. Soc., 2009, 131, 6961. 
14 In our original investigations, we used an internal standard, dodecane, which was not completely miscible with 
DMF.  This led to results which appeared irreproducible due to partitioning of the dodecane and DMF and unequal 
sampling of the dodecane internal standard and product.  Thus, we switched to naphthalene as the internal standard 
and were able reproduce all results from that point forward.  However, we continued to screen in duplicate to 
confirm reproducibility. 
15 Maketon, W.; Zenner, C.;  Ogden, K. L., Environ. Sci. Technol., 2008, 42, 2124. 
16 Pangborn, A. B.; Giardello, M. A; Grubbs, R. H.; Rosen, R. K.; Timmers, F.J. Organometallics 1996, 15, 1518-
1520. 
17 Ballmer, S. G.; Gillis, E. P.; Burke, M. D., Org. Syn. 2009, 86, 344. , Gillis, E. P.; Burke, M. D.; J. Am. Chem. 
Soc. 2007, 129, 6716. 
18 Still, W.C.; Kahn, M.; Mitra, A.; J. Org. Chem. 1978, 43, 2923-2925.	  
